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Abstract
AEROTAXIS IN HALOBACTERIUMHALOBIUM
by
Jemima Clara Lindbeck

Aerotaxis, previously studied in eubacteria was investigated in the
archaebacterium Halobacterium halobium. A quantitative temporal assay for
aerotaxis of H. halobium was developed using computer assisted motion analysis.
Aerotaxis was most pronounced in early log phase cultures. Peak aerotaxis was
found to coincide with peak respiration consistent with a model in which respiration
is required for aerotaxis. In a spatial assay a mutant strain lacking the proton motive
force (pmf)-generating pigments, bacteriorhodopsin (bR) and halorhodopsin (hR),
exhibited enhanced aerotaxis bands relative to the bR+hR+ parent. The enhanced
aerotaxis in the mutant cells was not due solely to an enhanced respiration rate.
Aerotaxis in the bR+hR+ strain was stronger when cells were incubated in the dark
than in illuminated cells in which proton motive force was enhanced by the lightactivated pigments. These results suggest that in H. halobium, as in eubacteria,
aerotaxis is mediated by oxygen-dependent changes in proton motive force. In H.
halobium S9P, methionine starvation depleted S-adenosylmethionine (as shown by
high performance liquid chromatography) thereby inhibiting protein methylation.
Unexpectedly, aerotaxis was abolished by methionine starvation even though
unstimulated behavior was unchanged. Using a modified flow assay to measure
protein methylesterase activity in vivo, peaks of esterase activity were observed
following positive and negative oxygen stimuli and these changes were absent in a
protein methyltransferase mutant. The pattern of altered methylesterase activity in
H. halobium was most similar to chemostimulus related changes seen in Bacillus

subtilis. H. halobium thus appears to be the first bacterium in which aerotaxis has
been shown to be dependent on receptor methylation.
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1. Introduction

Information transduction is a universal feature of biological systems. In order
to fully understand the process of information transduction, it is necessary to
elucidate the various steps in that process at the molecular level. Because of their
comparatively simple structural organization and the ease with which they can be
grown in large numbers in mass cultures, and in uniform conditions, bacteria provide
a useful model system for studying the molecular events of information transduction.
Studies of gene regulation, protein synthesis, and metabolic pathways in bacteria
have proved to be invaluable in uncovering the mechanisms of these vital processes,
mechanisms that subsequently proved to be universally present, with minor
variations, throughout the range of living organisms. A thorough study of
information transduction in bacteria may therefore be expected to uncover
fundamental principles, which can provide ideas and information for modeling,
studying, and understanding the mechanisms of information transduction in
organisms as diverse as bacteria and man.
1.1. Halobacteria as Representatives of Archaebacteria
Halobacteria are of particular interest as a model system for the study of
information transduction because they are members of the archaebacteria (Larsen,
1984), a group of organisms that are unique in possesing biochemical characteristics
that differentiate them from both eukaryotes and typical prokaryotes or eubacteria
(for reviews on archaebacteria see Woese, 1981; Zillig et al, 1988). Archaebacteria,
like prokaryotes, have no nuclear membrane or cellular organelles, yet
archaebacteria differ from prokaryotes and resemble eukaryotes in a number of their
characteristics. Although archaebacterial genes appear to be organized in
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transcription units resembling those of eubacteria (Zillig et al, 1988; Auer et al,
1989a,b; Puhler et al, 1989a,b), the sequences of several proteins are strikingly more
similar to the corresponding eukaryotic than the eubacterial proteins. The sequences
of the large components of DNA-dependent RNA polymerases of archaebacteria
closely resemble those of the eukaryotic RNA polymerases as evidenced from direct
sequence comparisons (Leffers et al, 1989; Zillig et al, 1989) and Western blotting
analysis (Huet et al, 1983). The consensus sequence of the putative archaebacterial
promoters (Reiter et al, 1988; Thomm and Wich, 1988) closely resembles that of the
eukaryotic RNA polymerase II promoters (Bucher and Trifonov, 1986). However,
the translation signals of archaebacteria, including ribosome binding sites, resemble
those of the eubacteria (Leffers et al, 1989).
Although none of the archaebacterial protein genes sequenced so far appears
to contain introns, several archaebacterial species possess tRNA genes containing
introns, which sometimes resemble the introns of eukaryotic tRNA genes in size, but
not always in location and structural details (Kaine et al, 1983; Daniels et al, 1985;
Kaine et al, 1987; Wich et al, 1987; Datta et al, 1989). The cleavage and exon splicing
reactions for the single known example of an intron in an archaebacterial rRNA gene
resemble those found for tRNA introns in eukaryotes (Kjems and Garrett, 1985,
1988). Some archaebacterial mRNA molecules have long polyadenylated sequences
at the 3’ termini, similar to those in eukaryotes (Ohba and Oshima, 1983; Oshima et
al., 1984). Initiation of protein synthesis from mRNA in archaebacteria seems to
occur with methionyl-tRNA as in eukaryotes rather than with N-formylmethionyl
tRNA as in eubacteria (Gupta, 1985)
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Archaebacteria differ from both prokaryotes and eukaryotes in having a
unique membrane lipid composition (Woese, 1981; Langworthy, 1985). The lipids of
both eubacteria and eukaryotes are glycerol esters of straight chain fatty acids, while
archaebacterial lipids are diethers in which a glycerol unit is connected by an ether
link to phytanols. In addition, the archaebacterial cell-envelope is distinctive in its
lack of the characteristic eubacterial murein (Kandler and Konig, 1985) although
archaebacteria may contain pseudomurein, a polymer of glucan and peptide units
that resembles, but is distinct from, eubacterial murein (Kandler, 1988). A study of
putative precursors in the biosynthesis of pseudomurein indicates that the
biosynthetic pathways of murein and pseudomurein are quite different (Konig et al,
1989).
Archaebacteria have so many features in which they are significantly different
from both eubacteria and eukaryotes that it is now broadly accepted that they belong
to a separate kingdom (Eisenberg, 1988). The proper classification of
archaebacteria and the implications of their unique characteristics for molecular
phylogeny are matters of considerable debate (Gouy and Li, 1989; Cavalier-Smith,
1989), and studies of sensory transduction in archaebacteria such as halobacteria
could be relevant to this debate. Some mechanisms of sensory transduction in
halobacteria may turn out to be novel to the archaebacteria, and some may be more
closely related to mechanisms in eukaryotes than similar mechanisms in typical
prokaryotic bacteria.
In the study of tactic responses to light, halobacteria have already been
discovered to have novel mechanisms (for reviews on photosensory behavior in
bacteria see Hader, 1987; Armitage, 1988). While tactic responses to light in
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photosynthetic eubacteria appear to require electron transport and to be methylation
independent, phototactic responses in halobacteria require specific photosensory
receptor pigments and involve methyl accepting proteins.
1.2. Behavioral Responses to Sensory Signals
Sensory systems in most bacteria ultimately transfer their signals to the
flagellar apparatus of the cell. Halobacteria have one or two flagellar bundles
consisting of several filaments each (Alam and Oesterhelt, 1984). During the
logarithmic phase of growth, cells are predominantly monopolar, whereas in the
stationary phase they are mostly bipolarly flagellated. Whether in the monopolar or
bipolar state, halobacterial cells exhibit motility behavior characterized by three
possible activities: moving forwards, stopping, or moving backwards. In
Halobacterium halobium, clockwise (CW) rotation of the right handed helical flagella
exerts a pushing force on the cell body, causing it to swim forward, and
counterclockwise (CCW) rotation pulls the cell, causing it to swim backwards. The
flagellar bundle never flies apart (Alam and Oesterhelt, 1984) as it does in some
other bacteria such as Escherichia coli (Macnab and Ornston, 1977).
Sensory input in halobacteria is translated into a behavioral response by
altering the frequency of reversals which in turn is a function of the frequency with
which the direction of rotation of the flagellar bundle is changed (Spudich and
Stoeckenius, 1979). The frequency of reversals is altered by sensory input so as to
optimize movement towards favorable stimuli and away from unfavorable stimuli.
Sensory inputs which influence the reversal frequency of halobacteria include
chemical stimuli, such as amino acids, organic acids and sugars (Schimz and
Hildebrand, 1979), oxygen (Stoeckenius et al, 1988; Bibikov and Skulachev, 1989),
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and light (for reviews see Schimz and Hildebrand, 1988; Spudich and Bogomolni,
1988). The most studied aspect of halobacteria is their ability to utilize light as an
energy source and their behavioral response to light of different wavelengths.
13. Retinal Proteins as Energy Converters and Sensory Transducers
For sensing light (Spudich and Bogomolni, 1988), and for harnessing light
energy (Oesterhelt and Stoeckenius, 1971; Stoeckenius and Bogomolni, 1982;
Oesterhelt and Tittor, 1989) halobacteria possess several retinal-protein pigments.
In each of the four rhodopsins known, retinal is bound in a protonated Schiff base
linkage to the epsilon amino group of a lysine residue in the apoprotein binding
pocket (Wald, 1967; Ebrey et al, as cited in Spudich and Bogomolni, 1988). These
pigments of diverse function are very similar to each other and to the visual
rhodopsin of the mammalian eye (Stoeckenius, 1984). It is intriguing that pigments
with such marked structural and photochemical similarities can carry out the wide
range of functions that they perform in halobacteria. Bacteriorhodopsin (bR), the
first bacterial retinal-protein pigment to be discovered (Oesterhelt and Stoeckenius,
1971), functions as an outwardly directed light-driven electrogenic proton pump
(Oesterhelt and Stoeckenius, 1973; Oesterhelt, 1985). Another pigment,
halorhodopsin (hR), originally thought to function as an outwardly directed light
driven sodium pump (Lindley and MacDonald, 1979), actually functions as as
inwardly directed light-driven electrogenic chloride pump (Schobert and Lanyi,
1982). These two photopigments serve as energy transducers, while the other
retinal-protein photopigments discovered to date appear to be non-electrogenic
sensory transducers (Spudich and Bogomolni, 1988).
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Although bacteriorhodopsin and halorhodopsin are probably not directly
involved in sensory transduction, it is nevertheless useful to know something about
them when studying information transduction in halobacteria. These pigments play
important roles in providing energy to the cell (Oesterhelt, 1985), energy that is
needed to drive the flagellar motors that are involved in behavioral responses. Since
the energy and sensory transducing molecules resemble each other in structure,
knowledge of the similarities and differences between them may provide clues to the
mechanisms involved in their functions. Finally, although the energy transducing
pigments may not be directly involved in sensory transduction, they may affect it
indirectly. For example, by their effect on the proton motive force (pmf) they may
influence sensory systems in which a change in pmf is part of the sensory transduction
process. In several other species of bacteria aerotaxis is known to be mediated by
changes in the proton motive force (See section 1.6). While phototaxis does not
require changes in pmf in halobacteria (Spudich and Spudich, 1982) as it does in
Rhodospirillum rubrum (Harayama and lino, 1977) and Rhodopseudomonas
sphaeroides (Armitage et al, 1985) energy transducing pigments which alter the pmf
may nevertheless affect the phototactic response. Changes in proton motive force
may affect phototaxis by favoring the accumulation of one of the intermediates of a
sensory rhodopsin photocycle over another (Manor et al, 1988; Spudich and
Bogomolni, 1988). Specifically, electrogenic ion translocation by either bR or hR
may contribute to the phototactic attraction response by slowing the decay rate of
S373, a photocycle intermediate of SR-I587 discussed below (Spudich and Bogomolni,
1988). Thus hyperpolarization of the membrane increases the concentration of S373
and thereby mimicks the effect of attractant light. This effect may explain the
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correlation between the transmembrane proton electrochemical gradient and the
attraction response in bR+ hR+ cells reported by Baryshev et al, 1981,1983.
Bacteriorhodopsin, the light-driven proton pump, occurs in distinct patches,
with a hexagonal lattice structure, in the plane of the membrane of halobacteria
(Oesterhelt and Stoeckenius, 1973). These patches are collectively labelled the
purple membrane. Purple membrane patches may cover up to 80% of the cell
surface (Neugebauer et al, 1983). There are typically 200,000 bacteriorhodopsin
molecules per cell (Bogomolni, 1984). The protein component of the pigment (the
opsin moiety) is induced in the presence of the retinal moiety (Sumper and
Hermann, 1976). Bacteriorhodopsin synthesis is not constitutive to normal cells and
usually occurs when the cell density becomes high and the oxygen concentration low
(Oesterhelt and Stoeckenius, 1971). If the oxygen concentration in the culture is
kept low, purple membrane synthesis occurs earlier in growth (Oesterhelt and
Stoeckenius, 1973). Low oxygen concentrations are not only necessary for triggering
purple membrane synthesis, but also for its continued formation. Light stimulates
purple membrane synthesis up to six or seven fold over synthesis in the dark. The
absorption maximum of bacteriorhodopsin is 568 nm (in 4M NaCl, pH 7), and the
half-life of its photocycle (at 23°C) is 7 msec. (Bogomolni, 1984).
Halorhodopsin, the light-driven chloride pump, is distributed throughout the
membrane (Bogomolni, 1984). Cells typically contain about 10,000 molecules of
halorhodopsin. The absorption maximum of this pigment is 578 nm, and the half-life
of its photocycle is 10 milliseconds. Biosynthesis of the opsin moeity of
halorhodopsin occurs only in the presence of retinal (Spudich et al, 1983).
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In addition to using light for energy production H. halobium cells show
behavioral responses to light (for review see Spudich and Bogomolni, 1988). They
are attracted by long-wavelength light (green and red), and repelled by shortwavelength (blue) light. These phototactic responses enable halobacteria to migrate
to regions of illumination which are optimal for utilization of their light-energy
transduction systems (bacteriorhodopsin and halorhodopsin) and to avoid potentially
damaging shorter wavelengths.
When halobacteria strains lacking both bacteriorhodopsin and halorhodopsin
were selected, the isolated double mutants retained their phototactic responses
(Spudich and Spudich, 1982; Bogomolni and Spudich, 1982). Therefore, at least one
additional pigment besides bacteriorhodopsin and halorhodopsin must be present in
halobacteria to mediate sensory transduction. Subsequent studies showed that at
least two other pigments are involved (Spudich and Bogomolni, 1988). The first to
be discovered is designated SR-I587, and the second sR-Il4go P480 or
phoborhodopsin..
SR-I587 has a strong absorption band centered at 587 nm and undergoes a
cyclic photoreaction with a long-lived intermediate that absorbs maximally at 373 nm
(Spudich, 1984). Comparisons of action spectra of halobacterial response to light
and absorption spectra of SR-I587 suggest that SR-I587 mediates the attractant
response of halobacteria to long-wavelength (green and red) light, while the longlived intermediate which absorbs at 373 nm is thought to mediate a repellent
response to short-wavelength (blue) light. SR-I587 can reach a maximum
concentration of about 5,000 molecules per cell (Spudich and Bogomolni, 1988).
The s-opsin synthesis does not require the presence of retinal but the synthesis of the
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sR-I apoprotein does increase in the late exponential phase of growth. The cells are
most capable of harnessing the light energy in late exponential growth phase because
it coincides with peak synthesis of purple membrane. The half-life of the photocycle
(at 23°C) is 800 msec. (Bogomolni, 1984).
A search for a fourth pigment (Wolff et al, 1986) was prompted by the
discovery of some discrepancies between action spectra predicted from the
absorption spectrum of SR-I587 and its photocycle intermediate S373 and those
observed in several strains oiH. halobium. A repellent effect of blue light was
observed under conditions where no significant amount of S373 was expected to be
present. The new photopigment, SR-II480, when found, was shown to cycle with a
half life of 150 msec, and absorb maximally near 480 nm. Its cyclic photoreaction
includes at least one relatively long-lived intermediate state with an absorption peak
near 360nm. This photoreceptor has also been referred to as phoborhodopsin or
P480

The nature of the signals transmitted by sR-I and sR-II is unknown (Spudich
and Bogomolni, 1988). These receptors do not generate a membrane potential upon
illumination (Spudich and Spudich, 1982; Bogomolni and Spudich, 1982; Ehrlich et
al, 1984), so the signalling process cannot require changes in pmf. A working
hypothesis suggested by Spudich and Bogomolni (1988) is that the signalling process
involves interactions of receptor domains with other membrane and or cytoplasmic
components. These may include the methylated transducer proteins which appear to
be part of the phototaxis signaling system (Spudich et al, 1989; see also section 1.5.)
Sensory transduction may also involve a role for cGMP and calcium since these
substances, when added to or removed from H. halobium, affect reversal frequency,
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refractory periods and responsiveness to stimuli (Schimz and Hildebrand, 1987).
Further investigations would be helpful to obtain additional evidence of how or even
if these substances play a role under physiological conditions in H. halobium. While
experimental evidence at first seemed to indicate an involvement of cGMP in
intracellular signaling in the chemotactic response of Escherichia coli (Black et aly
1980,1983), some of the early experiments correlating changes in cGMP with
chemotaxis were not reproducible (Black et al, 1983). Experiments done elsewhere
showed constant levels of cGMP after chemoattractant addition (J. Armitage as cited
in Tribhuwan et al, 1986). Normal chemotaxis was exhibited by adenylate cyclase
mutants and mutants with elevated levels of cGMP and cAMP (Tribhuwan et al,
1986) indicating that cGMP and cAMP do not play a direct role in chemotactic
signaling of Escherichia coli and Salmonella typhimurium..
1.4. The Role of Methylation in Chemotaxis of Eubacteria
The E. coli and S. typhimurium methylation dependent pathways of
chemotaxis have been extensively reviewed (Taylor and Lengeler, 1990; Koshland,
1988; Koshland et al, 1988; Hazelbauer, 1988; Berg, 1988; Adler, 1987). Since these
sensory transduction pathways are the best understood of any bacterial chemotaxis
systems they serve as a reference system for comparison with other bacterial systems.
Knowledge of sensory transduction in these bacteria has guided and stimulated
research in other bacteria to uncover similarities and differences in the components
and mechanisms of sensory transduction pathways.
In E. coli and S. typhimurium the regulation of the tumbling frequency of the
swimming bacterium is the ultimate goal of the sensory transduction system.
Swimming behavior in these bacteria consists of alternating short periods of smooth
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swimming in approximately straight lines (runs) and brief tumbling periods (Berg and
Brown, 1972; Macnab and Koshland, 1972). The smooth swimming behavior is
accomplished by counterclockwise (CCW) rotation of the flagella (Silverman and
Simon, 1974), while a momentary clockwise (CW) rotation of the flagella causes the
tumbling behavior (Macnab and Ornston, 1977). During a tumbling period the
flagellar bundle flies apart and then the bundle reforms and the bacterium resumes
swimming. The direction taken when swimming resumes is random relative to the
pre-tumble swimming direction.
By suppressing tumbling behavior while traveling in a favorable direction (up
a concentration gradient of attractant; down a repellent gradient) the bacterium
increases the probability of continuing to swim in the favorable direction (Tsang et al,
1973; Macnab and Koshland 1972; Berg and Brown, 1972). Exposure of bacteria to
steep gradients of increasing repellent concentration results in increased tumbling
behavior (Tsang et al, 1973) while movement up shallow gradients of repellents does
not result in altered tumbling frequencies (Berg and Brown, 1972).
When a bacterium encounters a change in attractant or repellent
concentration it initially responds by altering the duration of the time interval
between tumbles. If no additional change in chemostimuli is encountered the
bacterium eventually returns to its original tumbling frequency in spite of the altered
concentration of attractant or repellent in its environment (Macnab and Koshland,
1972). This process of adaptation to the new level of chemoeffector allows the
bacterium to respond to any additional stimuli to which it may subsequently be
exposed against the new background of chemoeffector levels.
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The molecular events linking the changes in chemoeffector concentrations to
changes in the frequency of flagellar switching between CCW and CW rotational
modes have been extensively studied. The first step in the signal transduction
pathway involves detection of the stimuli by membrane bound receptor/transducer
molecules (MCPs). E. coli and S. typhimuriwn each have four known types of
transducer proteins. These are the products of the tsr, tar, trg, tap (E. coli) and tip (S.
typhimurium) genes.
The Tsr transducer mediates responses to the attractant serine and repellents
leucine and acetate (Springer et al, 1977b) attractant and repellent temperatures
(Maeda and Imae, 1979) and attractant and repellent pH stimuli (Kihara and
Macnab, 1981; Repaske and Adler, 1981; Slonczewski et al, 1982). The Tar
transducer mediates responses to the attractants aspartate (and maltose; E. coli only)
and repellents Co2+ and Ni2+ (Springer et al, 1977b). The Trg transducer detects
the attractants ribose and galactose (Kondoh et al, 1979) and the Tap transducer
detects oligopeptides (Manson et al, 1986). It is not known what molecules are
detected by the Tip transducer (Russo and Koshland, 1986).
The binding of an effector molecule to its transducer protein is thought to
alter the conformation of the transducer in such a way as to send a signal to the
flagella. Evidence that binding of an effector molecule causes global changes in
receptor structure has been obtained for the Tar transducer (Falke and Koshland,
1987). Mutant Tar transducers containing strategically placed cysteine residues were
constructed. When aspartate was added to these Tar receptors large changes
occured in the rate of disulfide formation between the Tar transducer molecules for
many of the cysteine positions. Rates of disulfide formation for some positions
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increased, some decreased, and others remained relatively unchanged. These
findings suggest that major conformational changes occured which exposed some
positions, made some less accessible, and had no effect on other positions.
Two classes of mutant Tsr transducers (Parkinson 1980; Callahan and
Parkinson, 1985; Ames et al, 1988) and Tar transducers (Mutoh et al, 1986; Kaplan
and Simon, 1988) have been found to alter swimming behavior. One class of mutants
results in "tumble-only" phenotypes and another in "swim-only" phenotypes. These
mutations appear to cause transducers to become locked into a conformation
corresponding to a CCW or CW signaling state. Mapping of the "locked signaling"
mutations showed that both the Tsr transducer mutations (Ames et al, 1988) and the
Tar transducer mutations (Mutoh et al, 1986) were clustered in a similar region of
the corresponding transducer genes and proteins. This putative signaling domain is
located in the C-terminal end of the transducer protein, flanked on either side by the
two regions corresponding to methylation sites.
Transducer/receptors (MCPs) can be methylated at multiple sites (Engstrom
and Hazelbauer, 1980; DeFranco and Koshland, 1980). Alterations in methylation
states are effected by the protein methyltransferase (Springer and Koshland, 1977)
and protein methylesterase (Stock and Koshland, 1978) enzymes. In addition the
methylesterase enzyme acts as a de-amidase to convert two glutamine residues per
transducer to glutamic acid residues (Rollins and Dahlquist, 1981; Kehry et al, 1983;
Sherris and Parkinson, 1981). These sites then become sites at which methylation
can occur.
There is a steady state turnover of methyl groups on MCPs (Stock and
Koshland, 1981; Kehry et al, 1984) in which esterase and transferase activities are
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balanced. The presence of attractants or repellents results in a change in the
methylation state of the MCPs (Kort et al, 1975; Goy et al, 1977; Kleene et al, 1979;
Toews et al, 1979; Boyd and Simon, 1980; Rollins and Dahlquist, 1980; Kehry et al,
1984). When an attractant stimulus is present an increase in methylation of the
transducers occurs until a new level of methylation is achieved. The time period
required to reach a new level of methylation corresponds to the time required for
behavioral adaptation to the stimulus (Goy et al, 1977). It therefore appears that the
change in methylation acts to cancel out the signal which is hypothesized to be
encoded in the conformational change. The new, increased level of methylation
persists until the attractant is removed. Upon attractant removal demethylation
occurs until a new level of methylation is achieved. The attainment of a new, lower,
level of methylation occurs over a time interval corresponding to the behavioral
response.
Repellents and attractants have opposite effects on methylation
corresponding to their opposing effects on behavior. Addition of repellents results in
demethylation; removal of repellents results in methylation.
There are many lines of evidence indicating that methylation is required for
adaptation. Mutant transducers with some of the methylation sites removed have
increased adaptation times; the fewer the number of sites remaining the longer the
adaptation times (Nowlin et al, 1988). Mutants missing the methyltransferase or
methylesterase enzymes cannot adapt (Goy et al, 1978; Yonekawa et al, 1983). Cells
partially starved for methionine respond to addition of attractants for abnormally
long periods (Aswad and Koshland, 1974; Springer et al, 1975), and when completely
starved for methionine adaptation fails entirely (Springer et al, 1977a). This is
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presumably because methionine is necessary for the synthesis of S-adenosylmethionine (AdoMet), the methyl donor for the methylation process of sensory
adaptation. The methylation reaction has been demonstrated to be missing in some
generally non-chemotactic mutants, and when such mutants reverted for chemotaxis,
methylation simultaneously reappeared (Kort et al, 1975). Truncated receptors have
been created that can mediate a signal to change the motility of bacteria in response
to stimuli but show greatly reduced methylaccepting capacity and do not allow
adaptation to sensory stimuli (Russo and Koshland, 1983).
Chemoeffectors can affect the methylation levels of not only the specific class
of MCPs to which each binds, but also the other MCPs present in the cell. The fact
that an indirect feedback effect operates through the cytoplasm was first suggested
by Dahlquist, Springer, and their co-workers (Toews et al, 1979; Kehry et al, 1984;
Springer and Zanolari, 1984; Kehry et al, 1985a,b). This "cross-talk” phenomenon
(Hazelbauer et al, 1989) is mediated by a global change in activity of the
methylesterase enzyme in response to signals generated by the MCP class to which
the effector binds. The global affect of chemoeffectors on the methylesterase activity
requires the presence of some of the Che proteins that also mediate the transfer of
the signal from the MCP to the flagellar motor (Springer and Zanolari, 1984;
Sanders and Koshland, 1988). It is known that phosphate groups are transferred
from the CheA chemotaxis protein to CheB (the methylesterase) (Hess et al, 1988)
and that the phosphorylated form of CheB exhibits dramatically increased
methylesterase activity (Lupas and Stock, 1989).
Sanders and Koshland (1988) have hypothesized that this feedback of the
excitation system on the methylation system is required for the asymmetry of time
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intervals needed for chemotaxis. Smooth swimming in response to a move by a
bacterium into a favorable environment should optimally continue for as long as the
environment remains favorable, while a move that carries a bacterium into an
unfavorable environment should generate a tumbling signal only long enough to try a
new direction. A feedback on the methylesterase system but not on the
methyltransferase system could play a role in optimizing asymmetrical times of
behavioral responses.
The signal generated by the MCP tranducer proteins is mediated by a second
messenger system of phosphoproteins. The phosphoproteins ultimately link the
signals of the MCPs to changes in flagellar switching. Rapid progress is being made
in elucidating the way in which this system works. (For reviews on the second
messenger system see Kofoid and Parkinson, 1988; Koshland, 1988; Bourret et al,
1989; Stock et al, 1989)
1.5. The Role of Methylation in Chemotaxis and Phototaxis of Halobacterium
halobium
Halobacteria have been found to exhibit chemotaxis as well as phototaxis.
For example a sudden step-up in the concentration of arginine acts as an attractant
stimulus, suppressing reversals (Spudich and Stoeckenius, 1979). Chemotaxis has
also been observed by measuring the relative amounts of bacteria that swim into a
capillary containing attractant chemicals, or a capillary containing repellent
chemicals, versus a control capillary containing media with neither attractants or
repellents present (Schimz and Hildebrand, 1979).
In an early experiment, L-[mc//iy/-14C]methionine labeling of membrane
proteins in halobacterial cells presented with a D-glucose stimulus for 20 minutes was
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found to be greater than in cells not stimulated in this manner (Schimz, 1981).
Schimz proposed that halobacteria contain proteins analogous to the methylaccepting chemotaxis proteins (MCPs) which mediate chemotactic responses in E.
coli and S. typhimuriwn. In two subsequent papers, Schimz and Hildebrand
presented data indicating localization of the methylated proteins to the red
membrane and a dependence of methylation on calcium (Schimz, 1982, Schimz and
Hildebrand, 1987). Bibikov et al (1982), also proposed a role for methylation in
chemotaxis and in phototaxis of//, halobium.
Spudich et al (1988) performed in vivo radiolabeling of//, halobium
phototaxis mutants and revertants with L-[mer/iy/-3H]methionine. In
autoflourograms of H. halobium proteins separated by gel electrophoresis they found
seven methyl-accepting protein bands with apparent molecular masses from 65 to
150 kilodaltons (kd). Based on mutant analysis these bands appeared to be
implicated in the adaptation of the organism to chemo- and photo-stimuli. One of the
methyl-accepting protein bands (94 kd), was specifically implicated in phototaxis
primarily because of its absence in the phototaxis deficient mutant, Pho81. The
lability of these radiolabled bands to mild base treatment indicated that the methyl
linkages are carboxymethylesters, as is the case in the eubacterial receptortransducers.
The methyl-labeling pattern of the mutant Pho72 showed that all but two of
the methylated bands were missing (Spudich et al, 1988). The wild type labeling
pattern returned in two independently isolated revertants with wild type behavior
(Pho72Cl and Pho72C2). These findings are consistent with a single genetic change
producing the altered labeling exhibited by Pho72. By analogy with S. typhimurium
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the smooth swimming phenotype exhibited by Pho72 suggests that this genetic
change is located in the methyltransferase gene rather than the methylesterase gene.
In S. typhimurium a methyltransferase mutant is smooth swimming (Springer and
Koshland, 1977) and a methylesterase mutant tumbles incessantly (Stock and
Koshland, 1978).
In vivo labeling experiments and gel electrophoresis have also been used to
examine cells for changes in the intensity of [me//iy/-3H]labeled bands following
sensory stimulation and adaptation. Alam et al (1989) found that stimulation with
the attractants histidine, leucine, a mixture of these two amino acids, or with the
mixture of attractants present in peptone resulted in increased methylation of
specific bands. The labeling intensity of the band of lowest apparent molecular mass
in the 90-135 kd set was most prominently affected. Stimulation with the repellent
phenol resulted in decreased methylation of specific bands, again most prominently
in the band of lowest apparent molecular mass in the 90-135 kd set. These changes
were evident 2.5 minutes after stimulation, by which time behavioral adaptation to
the respective chemostimuli was complete. In contrast to chemostimuli, photostimuli
did not cause any detectable consistent changes in the [mer/iy/-3H]labeled bands of
the 90-135 kd region.
Alam et al. (1989) adapted the use of a flow apparatus, initially developed for
use in E. coli (Kehry et al, 1984), to analyze changes in the rate of demethylation in
H. halobiwn in response to chemostimuli and photostimuli. Both negative and
positive chemostimuli induced a transient increase in the rate of demethylation for
periods roughly equivalent to adaptation times. Negative and positive photostimuli
were also followed by increases in the demethylation rate, but the changes were
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smaller in magnitude and shorter in duration, corresponding to the shorter
adaptation times of photostimuli as compared to chemostimuli. Changes in
methanol release were not seen following photostimuli in the Pho81 mutant (sRI"
sRII") indicating that the sensory rhodopsins must be present for the light to have an
effect on the methylation response.
By measuring methanol release following light stimuli of different wavelengths
in wild type H. halobium and in mutants missing sR-I alone or both sR-I and sR-II,
Spudich et al (1989) demonstrated that both sR-I and sR-II modulate a
methylation/demethylation system in H. halobium phototaxis. Attractant
photoactivation of the sR-I system and simultaneous repellent photoactivation of the
sR-II system cancelled in their effects on demethylation, demonstrating that the
methylation system is regulated by an integrated signal. The absence of the 94kd
methyl accepting protein in a newly isolated sR-T sR-II+ mutant (Flx3b) confirmed
the association of this protein with sR-I. Since photoactivated sR-II in this sR-I" sRII+ mutant controls demethylation there appears to be a photomodulated methylaccepting protein associated with sR-II which is distinct from the 94kd protein
associated with sR-I. Spudich et al, (1989) have proposed a model for the phototaxis
signaling system incorporating these findings. In this model, information flows from
the sR-I (587 and 373 forms) and sR-II receptors to two distinct transducers; the sR-I
transducer and the sR-II transducer. The transducers then generate signals which
are subsequently integrated prior to interacting with the flagellar motor switch.
An extensive characterization of several Halobacterium halobium mutants
defective in phototaxis and/or chemotaxis has been performed (Sundberg et al,
1990). Properties tested were: unstimulated swimming behavior, behavioral
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responses to light and chemoattractants, photoreceptor pigment content,
methylation of MCPs, and transient increases in rate of release of volatile methyl
groups induced by tactic stimulation. Some H. halobium taxis mutants (eg. Pho72
and Pho64) appeared to be defective in the methyltransferase. These mutants
exhibited no alterations in methyl group release in response to any light or chemical
stimuli and were characterized by a smooth swimming phenotype. Another class of
mutants (eg. PholS and 37) appeared to be defective in intracellular signaling since
they showed no behavioral response to photostimuli or chemostimuli even though
transient changes in methyl group release were induced by tactic stimuli. Other
phenotypes identified could correspond to a mutant missing photoreceptors (Pho81)
and a mutant altered in control of the methylesterase (Pho5).
The pattern of changes in the rate of volatile methyl group release in H.
halobium differs significantly from that of the enteric bacteria which were first
studied by means of the flow assay. In enteric bacteria such as E. coli positive stimuli
(attractant addition or repellent removal) cause a decrease in release of volatile
methyl groups while negative stimuli (attractant removal or repellent addition) result
in an increase (Toews et al, 1979, Kehry et at, 1984). In addition, in E. coli,
equivalent sized stimuli of opposite sign (addition or removal of the identical
concentration of attractant or repellent) produce approximately the same absolute
magnitude of net change in the demethylation rate, although the time courses differ
(Kehry et al, 1984,1985b). By contrast, in H. halobium there is an increase of
volatile methyl group release following either positive or negative stimuli and the
change in release of volatile methyl groups appears to be greater following chemoeffector addition than following chemoeffector removal (Alam et al, 1989).
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The pattern of methyl group release exhibited by H. halobium is most similar
to that observed in Bacillus subtilis (Thoelke et al, 1989). B. subtilis responds to the
addition or removal of either attractant or repellent by increased methanol
production, and in addition is similar to H. halobium in exhibiting a greater increase
in methanol production after addition of a stimulus than is seen after its removal.
Thus H. halobium is not unique in the pattern of methyl group release exhibited
during a flow assay.
There are differences, however, between5. subtilis and//, halobium. For
instance, although both bacteria exhibit similar alterations in methanol evolution in
response to repellents, they differ in the affect of repellents on MCP labeling. In H.
halobium repellent stimulation causes a decrease in labeling of specific bands (Alam
et al, 1989), while in B. subtilis repellents did not affect MCP methylation levels
(Thoelke et al, 1987). Another difference is apparent when the response to multiple
exposures of an attractant is examined. In a cold chase experiment, successive
exposures of an attractant resulted in methanol production in B. subtilis that
increased with each exposure during the first three cycles of the experiment (Thoelke
et al, 1989). In a similar experiment with H. halobium each exposure elicited less
methanol production than the previous one (Alam et al, 1989).
Further characterization of the similarities and differences between the gram
positive B. subtilis, the archaebacterium H. halobium, and the gram-negative E. coli
may provide an interesting picture of how variations in the signaling process can
accomplish similar behavioral goals and what adaptive purposes, if any, the
differences may serve.
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1.6. Aerotaxis in Eubacteria
Considerably more is known about the response to oxygen by eubacteria such
as Salmonella typhimurium, Bacillus cereus and Rhodopseudomonas sphaeroides than
is known about aerotaxis in Halobacterium halobium.
Aerotaxis has been extensively studied in S. typhimurium (Taylor, 1983a,
1983b). The attractant response to oxygen in this organism requires a functional
electron transport system (Laszlo and Taylor, 1981) and is thought to be mediated
via changes in membrane potential (Shioi and Taylor, 1984).
By varying the step increases in oxygen concentration in a temporal assay
Laszlo and Taylor (1981), were able to determine the dose-response relationship for
aerotaxis in S. typhimurium. The concentration of oxygen giving a half-maximal
attractant response, (0.4 ^M), was found to be similar to the Km (0.2^M) for
cytochrome o in E. coli, suggesting that the oxygen "receptor" in S. typhimurium may
be cytochrome o. Inhibition of aerotaxis by 5 mM KCN also suggested that
cytochrome o plays a role as oxygen "receptor". The aerotactic response was found
to be correlated with changes in membrane potential as monitored with the
flourescent cyanine dye diS-C3-(5) (Laszlo and Taylor, 1981). Growth of 5.
typhimurium under anaerobic conditions in the presence of nitrate and fumarate
results in induction of nitrate reductase and fumarate reductase as terminal
components of alternative branches of the respiratory chain using nitrate and
fumarate as electron acceptors. In the presence of nitrate and fumarate, induced
cells show a reduced response to oxygen, presumably because the presence of oxygen
had less of an effect on the proton motive force under these conditions (Laszlo and
Taylor, 1981).
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Niwano and Taylor (1982) found that adaptation to oxygen does not require
methylation. Depletion of S-adenosyl-methionine, which resulted in defective
methylation-dependent adaptation to serine, aspartate and ribose in wild-type E. coli
and S. typhimurium, left adaptation to oxygen unimpaired. In addition, adaptation to
oxygen was present in mutants deficient for the known methyl-accepting chemotaxis
proteins, and also persisted in the absence of the protein methyltransferase (CheR
product).
Unexpectedly, a deletion of the CheB protein methylesterase gene was found
to give an inverse aerotactic response, resulting in a repellent response to
concentrations of oxygen that normally elicit an attractant response (Dang et al,
1986). In the absence of the tsr receptor gene a CheB deletion did not give an inverse
response. Since the presence of CheR (methyltransferase) and tsr, tar, trg, and tap
(MCPs) are not required for the aerotactic response (but are required for
methylation dependent taxis), aerotaxis appears to be methylation independent but
nevertheless influenced by the absence of CheB by an as yet undetermined
mechanism.
Laszlo et al (1984a) determined cytochrome o to be the only oxidase of the
electron transport system present in exponentially growing S. typhimurium ST1, and
argued that cytochrome o is the receptor for chemotaxis to oxygen. They found the
concentration of oxygen that elicits the maximum response for aerotaxis (0.7yuM) to
be similar to the Km for respiration (0.74yuM), and were able to block both
aerotaxis and respiration by 5 mM KCN.
Shioi and Taylor (1984) have observed quantitative correlations between the
aerotactic response of S. typhimurium and changes in the proton motive force (A p,
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pmf) as measured by a flow dialysis technique. The proton motive force is composed
of two components: the membrane potential (AijJ) and the proton gradient (ApH)
across the cytoplasmic membrane (Mitchell, 1961). To determine which components
mediate aerotaxis an attempt was made to study aerotaxis under conditions where
each component was altered independently while the other was held fairly constant
(Shioi and Taylor, 1984). At pH 7.5 there was no ApH component to the pmf in
either aerobic or anaereobic conditions and the aerotactic response was therefore
correlated with the change in A\jJ (-162mV in aerobic vs. -lllmV in anaerobic
conditions). At pH 5.5 both A pH and

components of the Ap were different

in aerobic and anaerobic cells (A pH was -118mV in aerobic and -56mV in anaerobic
cells; A\p was -70mV in aerobic and -20mV in anaerobic cells). The findings at pH
5.5 indicate that a change in A pH is probably also correlated to aerotaxis since the
change in Al^ at pH 5.5 is not consistent with the strong aerotactic behavioral
response seen at pH 5.5. In dinitrophenol addition experiments low A^/ values on
the order of those also seen at pH 5.5 were correlated with a marked decrease in the
aerotactic behavioral response. The results indicate that aerotaxis is mediated by
Ap which includes both the Al^ and ApH components.
Oxygen does not always act as an attractant. At sufficiently high
concentrations, oxygen elicits a repellent response in S. typhimurium, E. coli, and
some bacilli (Shioi et al, 1987). The concentration of oxygen eliciting a half maximal
(negative) repellent response was found to be 1.0 mM for both S. typhimurium and E.
coli, a value significantly greater than the oxygen concentration (0.4^M) that elicits a
half-maximal (positive) attractant response in S. typhimurium and E. coli (Laszlo et
al, 1984a). In air saturated medium the concentration of oxygen is 270jjM, more
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than two orders of magnitude greater than the (0.4yuM) Km of the (positive)
aerotaxis receptor. At this concentration of oxygen greater than 99 percent of the
cytochrome o would be in the oxidized form, making it unlikely that the bacteria
could detect a further increase in the oxygen concentration via this receptor (Taylor,
1983a). Therefore the attractant and repellent responses appear to require different
receptors and mechanisms. However, adaptation to high concentrations of oxygen,
like adaptation to low concentrations of oxygen, is independent of methylation (Shioi
etal, 1987).
Further evidence for the involvement of the electron transport system, and its
terminal receptors, in the aerotactic response was obtained when mutants lacking
cytochrome o and cytochrome d became available for study. In mutants lacking both
cytochrome o and cytochrome d (cyo' cyd"), aerotaxis was absent, but in strains
having either the cyo+ or cyd+ genes, or both, aerotaxis was normal. It therefore
appears that aerotaxis can be mediated by either the cytochrome d or the
cytochrome o branch of the electron transport system (Shioi et ai, 1988)
The photosynthetic purple nonsulfur bacterium Rhodopseudomonas
sphaeroides can generate a proton motive force either by using photosynthetic
electron transport or by respiratory electron transport. Armitage et al (1985) have
obtained results showing that R. sphaeroides grown in the light respond to either light
or oxygen, the response depending on the pmf generated by electron transport rather
than depending on electron transport directly. Using appropriate combinations of
inhibitors and substrates Armitage and co-workers were able to devise an experiment
in which oxygen binding and reduction by the terminal oxidase could continue in the
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presence or absence of a change in pmf. Aerotaxis occurred only in circumstances in
which electron transport along the respiratory chain was coupled to an increase in
A^/ • The two pmf dependent pathways were found to interact competitively,
aerotaxis being inhibited by light and phototaxis being reduced by oxygen.
Laszlo et al (1984b) have presented evidence that Bacillus cereus aerotaxis is
mediated by electron transport and the proton motive force. Electron transport also
appears to play a role in the aerotaxis of Spirochaeta aurantia (Eric A. Goulbourne,
Jr., personal communication). Thus changes in the proton motive force generated by
electron transport appears to be a widely used mechanism in mediating bacterial
aerotaxis rather than being unique to S. typhimuriwn and E. coli.
1.7. Aerotaxis in Halobacterium halobium
Though not as well studied as in eubacteria, taxis to oxygen has been observed
in Halobacterium halobium. As an incidental finding reported in a paper describing a
technique for obtaining phototactic action spectra, Stoeckenius et al published
photographs of H. halobium cells accumulating near an air bubble in the measuring
chamber and dispersing when the oxygen in the bubble was exhausted (Stoeckenius
etal, 1988).
Aerotactic bands of H. halobium forming around small air bubbles were
further characterized in a paper by Bibikov and Skulachev (1989). Bibikov and
Skulachev noticed that aerotactic bands formed by the accumulation of wild type H.
halobium around air bubbles were fainter and more diffuse than aerotactic bands of
bR'hR" mutant strains. They also observed that the aerotactic bands of the wild type
H. halobium took longer to form. They proposed that these observations could be
readily explained by assuming that a protometer is involved in the oxygen reception
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process by H. halobium. In their model, the presence of active bacteriorhodopsin
and halorhodopsin would reduce the respiratory chain contribution to the generation
of the Ap measured by the protometer.
Unfortunately, no attempt was made by Bibikov and Skulachev to rule out the
possibility of other differences between the wild type and mutant strains contributing
to the observed differences in aerotaxis band formation. Differences that might
theoretically exist between wild type and mutant strains that could also give similar
results include differences in motility and differences in respiratory rates. It is
possible, for instance, that the space in the membrane freed by the absence of bR
and hR might be utilized for an increased quantity of respiratory chain components
and/or oxygen receptors, and it is also possible that the inability of bR'hR" strains to
utilize light as an energy source might lead to a compensatory increase in the
utilization of respiration and an increase in the sensitivity of oxygen gradient
detection.
No experiments have been performed to determine whether A^, A pH, or
a combination of both components of A p are required for aerotaxis inH. halobium.
In S. typhimurium both components of Ap appear to be involved in aerotaxis (Shioi
and Taylor, 1984; see also section 1.6) However, there are tactic systems in other
organisms that may be mediated via only one of the components of Ap. For
instance, chemotaxis to some substances in Spirochaeta aurantia have been
hypothesized to be mediated primarily by the A^ component of Ap (Goulbourne
and Greenberg, 1981,1983; Fosnaugh and Greenberg, 1989). Initially it appeared
that chemotaxis of Rhodobacter sphaeroides (formerly Rhodopseudomonas
sphaeroides) was also mediated by AJ// (Armitage and Evans, 1979,1980; Ingham
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and Armitage, 1987). Subsequent studies showed that there was no correlation
between either the rate of electron transport or change in the membrane potential
with the behavioral response of the cells (Poole et al. in press). The earlier
experiments examining the effects of uncouplers on chemotaxis were reinterpreted
as inhibiting transport of chemoattractants rather than affecting the chemotactic
signal directly. Chemotaxis was hypothesized to require interaction of metabolites
directly or indirectly with the flagellar motor.
While the existence of the phenomenon of aerotaxis in H. halobiwn has thus
far been clearly documented, it is evident that the aerotactic process has yet to be
characterized to any significant extent in this organism, especially when compared to
the much more extensively studied chemotactic and phototactic responses.
1.8. Electron Transport in Halobacterium halobium
Since the electron transport system plays such a key role in the aerotactic
response of the eubacteria in which it has been examined so far, a knowledge of the
electron transport system of H. halobium is essential for designing experiments to
determine what role, if any, the electron transport system may play in mediating
aerotaxis in this organism.
In his study oiH. halobium membranes, Cheah (1970) found them to contain
a predominant complex of b-type cytochromes, a low level of a c-type cytochrome
and two CO-reactive hemoproteins identified as cytochromes o and a^. Two b-type
cytochromes were tentatively identified as cytochrome b56i and cytochrome b564.
Cheah suggested that the terminal oxidases are probably o and a^. He found the
following substances to be inhibitors of respiration in H. halobium membrane
fractions: antimycin A, HQNO, CO and CN".
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Gradin and Colmsjo (1987) determined the oxidation-reduction potentials
and absorption spectra of two b-type cytochromes from H. halobiwn. Although
Cheah had found no evidence for the presence of cytochrome 33 in his H. halobiwn
membrane preparation, Gradin and Colmsjo obtained spectrophotometric evidence
for the presence of cytochrome 33 in the H. halobiwn membrane. Their observations
of the effect of CN" on respiration led them to suggest that there is probably more
than one oxidase in the repiratory chain of which only one is blocked by CN".
Gradin and Colmsjo (1989) subsequently found additional b-type
cytochromes raising the total number of b-type cytochromes to at least four. They
proposed a scheme for electron transport in H. halobiwn with an NADH pathway
containing two of the b-type cytochromes, and a succinate pathway containing one of
the b-type cytochromes and cytochrome 333. They were unable to determine
whether the fourth b-type cytochrome is involved in the electron transport chain in
the membrane of H. halobiwn.
By spectrophotometric methods Fujiwara et al (1987) demonstrated the
presence of cytochrome 333 in H. halobiwn. They found that while cytochrome 333 is
present in H. halobiwn at the early exponential phase of growth it almost dissapears
at the late exponential or stationary growth stage. They postulate that cytochrome
333 functions as the terminal oxidase during the early exponential growth stage while
a different terminal oxidase, probably cytochrome o, performs this function at the
late exponential and stationary growth stages. Subsequently, Fujiwara et al. (1989)
were able to purify cytochrome 333 from H. halobium and investigate a number of its
properties.
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High levels of cytochrome o have been found in the brown membrane of H.
halobium (Hartsel etal, 1984,1988). The brown membrane domain ofH. halobiwn
is a developmental precursor of the purple membrane containing cytochrome o as
well as bacteriorhodopsin. The function of the cytochrome o in the brown
membrane is thought to involve catalysis of the oxidative cleavage of -carotene to
retinal which is essential for the purple membrane formation.
1.9. Contributions Made by this Study
While halobacteria have been studied extensively in order to characterize
phototaxis and chemotaxis, it is evident that very little is known about aerotaxis in
this organism. In this study, improved techniques for behavioral and biochemical
characterization of aerotaxis were developed or adapted for use in Halobacterium
halobiwn. A computerized motion analysis program was developed that allows for
quantitative analysis of changes in reversal frequency of populations of bacteria in
response to aerotactic stimuli in a temporal assay. Previous experiments suggesting a
role for the proton motive force in aerotaxis were confirmed and additional
experiments performed were also consistent with this model. Methionine starvation,
methylation inhibitors, and a novel adaptation of the methylesterase assay were
employed to determine whether methylation plays a role in aerotaxis. This study
provides information implicating a role for methylation in the aerotactic sensory
process of H.halobium, making this organism the first in which aerotaxis appears to
be methylation dependent.

2. Materials and Methods

2.1. Bacterial Strains and Growth Conditions
The strains of//, halobium used in this study are described in Table 1.
Cells were maintained for several years as permanent stock cultures frozen at
mid- to late-logarithmic phase in peptone media with added dimethylsulfoxide and
for 6-18 months as plates made from the permanent stocks.
Working stock cultures were started by picking a single colony from a stock
plate and innoculating 3 to 5 ml of peptone medium in a test tube. The culture was
grown to mid-logarithmic phase (O.D.600: 0.5-0.6) and stored in the refrigerator for 2
to 3 weeks.
Cultures used for assays were started by addition of refrigerated stock culture
(one percent of final volume) to 25 to 75 ml of peptone medium in a 250 ml
Erlenmeyer flask (for experiments requiring large volumes) or to 3 to 5 ml of
peptone medium in a test tube (for experiments requiring smaller volumes).
Cultures were grown at 37°C in the dark with vigorous shaking on an orbital shaker
(Bellco orbital shaker; speed set at ‘6’). Some of the cultures used for the
methylesterase assay and temporal aerotaxis behavioral assay were grown in a New
Brunswick Scientific Controlled Environment Incubator Shaker (250 rpm).
Growth of cells transferred from the peptone medium to defined medium was
slow and characterized by a very long lag phase (approximately one week), therefore
only cultures grown from cells which had been twice subcultured into defined
medium were used for behavioral assays. These cells exhibited little or no lag phase
and grew almost as fast as cells in peptone medium.
The peptone medium (Lanyi et al., 1979) contained the following per liter,
dissolved in order:
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Table 1
Strain

BACTERIAL STRAINS
Relevant Genotype a

Parent Strain

Reference

Source

H.haJobium
S9-P
0D2
Fix 15
PhoBI
Pho5
Phol 8
Pho37
Pho64
Pho72

bR“hR+sR+P480nd
bR"hR+sR+P480nd
bR“hR~sR+P480nd
bR"hR_sR“P480'
Pho“ Che"
PhcTChe"
Pho" ChePho"Che"
Pho'Che”

* bR=bacteriorhodopsin
sR=sensoryrhodops1n I
Pho~=nonphototact1c

1
S9-P
0D2
Fix 15
Fix 15
Fix 15
Fix 15
Fix 15
Fix 15

hR=halorhodopsin

1
2
2
2
2
2
2

J.L.Spudich
J.L.Spudich
J.L.Spudich
J.L.Spudich
S.A.Sundberg
S.A.Sundberg
S.A.Sundberg
S.A.Sundberg
S.A.Sundberg

P480=phoborhodopsin=sRI I

nd=not determined
Che =nonchemotactic

1 Spudich, E.N., and Spudich, J.L. (1982) Control of Transmembrane Ion Fluxes to
Select Halorhodopsin-Deficient and Other Energy-Transduction Mutants of
HeJobdctenumheJobium. Proc. Natl. Acad. Sci. USA 79:4308-4312
2 Sundberg, S.A., Bogomolni, R.A., and Spudich, J.L. (1985) Selection and Properties
of Phototaxis-Deficient Mutants of HaJobactenumbolobium. J. Bacteriology
164:282-287
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NaCl
MgS04-7H20
KC1
CaCl2
Oxoid Peptone

250 g
20 g
2g
0.2 g
10 g

The pH was adjusted to pH 7 with 4 N NaOH using a low sodium error electrode
(Radiometer, Type GK 2321 C), and the medium was sterilized by autoclaving for 15
minutes at 121°C. One millilitre of a filter-sterilized solution of trace minerals was
added. The trace mineral solution was prepared by dissolving in order in 100 ml 0.01
NHC1:
MnS04‘H20
FeCl2
ZnS04'7H20
CuS04'5H20

0.3 g
0.23 g
0.44 g
0.005 g

The solution was sterilized by filtration (Nalgene 250 ml disposable filter, 0.45yum
pore size).
Defined medium was prepared as in Grey et al. (1976), and contained per
liter:
250 g
20 g
lg
5 ml of a stock solution
(Stock=0.014 g CaCl2/100 ml H20)
0.15 g
kh2po4
0.15 g
k2hpo4
0.10 g
kno3
0.50 g
Sodium Citrate dihydrate
10 ml of a stock solution
Glycerol
(Stock = 10% Glycerol)
0.43 g
L-Alanine
0.40 g
L-Arginine
L-Cysteine hydrochloride monohydrate 0.05 g
1.30 g
L-Glutamic acid
0.06 g
Glycine
0.44 g
L-Isoleucine
0.80 g
L-Leucine
NaCl
MgS04*7H20
KC1
CaCl2
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L-Lysine
L-Methionine
L-Phenylalanine
L-Proline
L-Serine
L-Threonine
L-Tyrosine
L-Valine

0.85 g
0.37 g
0.26 g
0.05 g
0.61 g
0.50 g
0.20 g
1.00 g

The pH was adjusted to pH 6.6 with 50% (w/v) KOH and the medium was
autoclaved at 121°C for 15 minutes. One millilitre of the trace mineral solution was
added per liter of defined medium after cooling.
L-Methionine was omitted from defined medium used in experiments in
which bacteria were starved for methionine.
Plates of peptone medium or defined medium were prepared by adding 15 g
of BactoAgar to a liter of the appropriate medium before autoclaving.
Basal salts buffer was prepared in the same way as the peptone medium
except for the ommission of the oxoid peptone and the addition of 10 mM MES [2(N-morpholino)ethane-sulfonic acid], pH 6.8.
2.2. Aerotaxis Temporal Assay
An 8 jik\ drop of media containing bacteria was placed on a microscope slide,
which was then inserted into a flow chamber mounted on the stage of a Leitz Dialux
trinocular darkfield microscope. The composition of the gas flowing through the
chamber was controlled by a four-way-valve which allowed either 100% nitrogen or
10% oxygen in nitrogen to flow through the chamber at a rate of 800 ml/min.
The slide with bacteria was inserted into the chamber while 10% oxygen
flowed through. After 5 to 6 minutes in oxygen (to allow for adaptation to conditions
in the chamber and establishment of a baseline reversal frequency) the gas
composition was switched to 100% nitrogen. After 1 to 3 minutes in 100% nitrogen
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the gas composition was switched back to 10% oxygen and the bacteria were
observed for another 2 to 6 minutes.
A videotape of the bacteria was recorded throughout the assay by means of a
COHU (4810 series solid state CCD) video camera mounted on the microscope and
connected to a Panasonic VHS videorecorder (Model NV-8950). A long working
distance objective (Leitz L 32/0.40), was used to accomodate the flow chamber. A
12 volt, 100 watt light source was used to provide sufficient light to obtain the
contrast necessary to create images that were readily digitized by a video processor
(although it was rarely necessary to use it at voltages greater than 6-7 volts). The
switch from oxygen to nitrogen, and vice versa, was recorded on the video tape by
means of an audio signal, in the form of the word "now", spoken into a microphone at
the time that the gas composition was changed. This audio signal was later used as
the cue to initiate the video digitizing.
Prior to entering the flow chamber, the gases were humidified by passing
them through gas washing bottles partially filled with distilled water. The entire
apparatus for the temporal assay (gas tanks, tubing, washing bottles, microscope,
flow chamber, and recording equipment exclusive of the video recorder) was set up
inside of a 37°C walk-in incubator (see Figure 1), because Halobacteriwn halobium
exhibits optimum motility at 37-40°C (J. Spudich and S. Sundberg, personal
communication). If the bacteria in the chamber were not exposed to humidified gas,
the small drop of media containing the bacteria evaporated and salt crystalized
rapidly exposing the bacteria to osmotic shock and, finally, complete dehydration of
the medium. In the presence of humidified gas, the drop of bacteria can be observed
for half an hour or more without the development of salt crystals.
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Figure 1. Diagram of the apparatus used for the temporal aerotaxis assay. An 8
microlitre drop of cell culture on a microscope slide was inserted into a flow
chamber. The chamber was ventilated with humidified nitrogen or oxygen and the
behavior of the cells was observed and recorded through a dark field microscope
using a COHU 4810 series solid state CCD camera connected to a Panasonic Model
NV 8950 VHS videorecorder. The entire apparatus was located in a 37°C room
(except for the VCR).
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23. Motion Analysis and Determination of Reversal Frequencies
Swimming speeds and the occurence of reversals in Halobacterium halobium
were determined by analyzing videotapes of free swimming cells using a
computerized video analysis. The computer program for the analysis was customized
by me from a commercial software package, Expert Vision™, created by the Motion
Analysis Corporation. Video data was digitized by a Motion Analysis video
processing unit (Model VP 110) and the digitized images were fed to a host computer
(Motion Analysis 386 or IBM AT 286) for processing using the Expert Vision
software. Output from the computer program was manually edited and final
calculations were made using a hand held Hewlett Packard 10C calculator. A
complete description of the computer program used for data analysis, and the
rationale behind its development is found in the Appendix.
2.4. Aerotaxis Spatial Assay (Bubble Assay)
A drop of medium containing a high density of bacteria (O.D.goo: 0.5-1.0) was
placed on a microscope slide by means of a pasteur pipette. A cover glass (18 x 18
mm, No. 1 thickness), was dropped onto the medium from a height of 1/2 inch to 2
inches with the net result that one or more bubbles of air were usually trapped
between the slide and the cover glass. The prepared slide was then incubated for a
minimum of one hour at 37°C in a covered Petri dish (Figure 2). The Petri dish
chamber was prepared as follows: two circles cut from a paper towel were fitted into
the bottom half of the Petri dish. Two slides placed at right angles on top of each
other were used as spacers. The paper towel was wet with water and the prepared
slide was placed on top of the spacers. It was important to add just the right amount
of water, the paper should be wet but not soaking. If the paper was too wet the water
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Figure 2. Exploded view of Petri dish chamber used for aerotaxis spatial (bubble)
assay. Drops of bacterial suspension containing bubbles of air were trapped between
a microscope slide and coverslips. The damp paper towels and the Petri dish
chamber in which the microscope slide was housed provided a humidified
environment. This prevented the evaporation of water from the bacterial
suspensions during the incubation period in which band formation occured.
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from the paper condensed onto the slide, diluting the media and causing the
coverslips to float free. If the paper was too dry the water in the media evaporated
and salts crystallized around the edges of the coverslip changing the osmolarity of the
media. At intervals the slide was removed from the chamber and examined with the
microscope. Care was taken not to jar the slide or move it too rapidly, especially
while on the microscope stage. Gentle handling minimized drifting of the bubbles
and of the bacteria. After visual observation and/or photographing the image, the
slide was immediately returned to the Petri dish chamber for further incubation. It
took about half an hour for faint aerotactic bands of bacteria to form around the
bubble. By one hour the bands were usually clearly visible. Subsequently the bands
migrated towards the air/media interface.
A Nikon FE camera was attached to the microscope with a Nikon PFM
adapter tube and loaded with Kodak T-max 100 professional film. For each
exposure taken, the time of incubation, and any relevant information about the strain
and media used were recorded. The camera’s automatic metering system was
routinely used to determine the exposure. Manual exposure when used was 1
second.
2.5. Chemotaxis Assay
Cells in peptone medium were harvested by centrifugation at 10,800 x g (SS34
rotor) for 3 minutes and resuspended in basal salts buffer (peptone medium minus
the peptone). Chemicals to be tested were dissolved in basal salts buffer. Eight
microlitres of bacteria in basal salts buffer was placed on a slide, and the slide was
placed in the same flowchamber used for temporal assays, with humidified 10%
oxygen flowing through the chamber to prevent evaporation and salt crystallization.
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The reversal frequency of the bacteria in the basal salts buffer was noted (by timing
intervals between reversals with a stopwatch). After observing the baseline response,
2yul of a test substance was rapidly added to the drop on the slide and mixed. The
smooth swimming response (interval between addition of test substance and first
reversal) was timed with a stopwatch. Addition of 2 jA of basal salts buffer was used
as a control.
To test for the effect of ethionine on chemotaxis, 3 ml of 20 mM ethionine in
basal salts buffer was added to 3 ml of cells in peptone medium, and the cells were
then incubated at 37°C for 5 hours. At the end of the incubation period, the cells
were centrifuged at 10,800 x g (SS34 rotor) for 3 minutes, resuspended in 3 ml of 20
mM ethionine in basal salts buffer, and incubated for an additional 30 minutes to one
hour. Chemotaxis assays were then performed as described above.
2.6. Measurement of Respiration
Respiration of//, halobiwn was measured using a Yellow Springs Instruments
Model 53 oxygen monitor. Three milliliters of a bacterial culture was placed in a
sample chamber maintained at 37°C, and allowed to equilibrate for 3 minutes.
The lucite plunger holding the oxygen probe was then lowered into the chamber
and a Kipp & Zonen BD40 flatbed recorder recorded the rate of oxygen uptake.
Using the conversion factor of 100% air saturation = 217 nmoles 02/ml (Laszlo,
1981) the oxygen consumption in units of nmoles 02/min/ml was calculated. No
correction was made for the reduced solubility of oxygen in 4 M NaCl as available
tables of conversion factors were found to lack values for high concentrations of salt.
All values are therefore approximate and useful primarily for comparative purposes
between similar experiments. To convert to nmoles C^/min/lO9 cells, the number of
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bacteria/ml was measured using a Petroff-Hausser counting chamber. To convert to
nmoles C^/min/mg protein, the mg protein/ml was measured using a BCA
(Bicinchoninic acid) protein assay.
To examine the effects of various respiratory inhibitors, solutions containing
the inhibitor were injected into the sample through a slit in the lucite plunger during
oxygen uptake measurements. The change in respiratory rate was calculated from
the change in slope of the recorded trace upon addition of the inhibitor.
2.7. Protein Assay
A set of protein standards of known concentration were prepared by diluting
a stock solution of BSA (bovine serum albumin) (Sigma 690-10, part of Kit 690-A).
Tris HCI NaCI buffer (157.6 g TrisHCl + 58.44 g NaCl/1000 ml H20; pH adjusted to
7.6 with 0.1 M NaOH) was used as the diluent. The set of standards covered the
protein range of 50yug/ml to 1200yUg/ml (Actual concentrations used were: 50,100,
150, 200, 250, 400, 600, 800, 1,000 and 1,200 /ig/ml.
To 0.1 ml of each standard or unknown protein sample in a test tube was
added 2.0 ml BCA (Bicinchoninic acid) reagent (a prepared reagent obtained from
Pierce Chemical Company). Tubes were incubated for 30 min at 37°C, and then
cooled to room temperature. The absorbance of each tube at 562 nm was measured
and corrected for the absorbance of the blank. A standard curve was prepared by
plotting the net absorbance at 562 nm vs. protein concentration.
A set of bacterial cultures ranging in turbidity from Q.D-^oq: 0.15 to O.D.500:
1.4 was prepared and used as protein unknowns for a standard curve to convert
O.D.500 readings of//, halobium cultures toyug protein/ml.
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2.8. Sample Preparation and High Performance Liquid Chromatography
A modification of the procedure of Payne and Ames (1982) for preparation of
samples for HPLC determination of small molecules was used to prepare samples
for HPLC. HPLC was performed using a system equipped with two Altex model
110A pumps, an Axxiom 710 HPLC controller, a Kratos Spectroflow 783
programmable absorbance detector and a Spectra-Physics SP4270 integrator.
Cells grown in 75 ml of peptone medium as described previously (O.D.600:
0.60) were centrifuged at 10,400 x g (GSA rotor) for 3 minutes. The supernatant was
discarded and the pellet resuspended in 75 ml of defined medium with or without the
addition of methionine (2.5 mM), ethionine (20 mM) or homocysteine (20 mM).
The resuspended cells were incubated at 37°C in the defined media for 30 minutes to
1 hour.
After incubation the cells were rapidly filtered under vacuum through a 90
mm Millipore AP Filter disc (prefilter pore size), supported in a 90 mm 600 ml glass
fritted funnel. The filter disc was immediately removed from the fritted funnel and
placed upside down in 15 ml of ice cold formic acid in a 1000 ml beaker. The time
elapsed between commencing filtration and placing of the filter in formic acid was
approximately 15 seconds. The filter with the attached cells was incubated in the
formic acid on ice for 30 minutes.
The formic acid was then transferred to a 50 ml beaker and the 1000 ml
beaker and filter disc were washed with an additional 10ml ice cold formic acid.
Formic acid remaining in the filter disc was squeezed out of the disc by folding the
disc and squeezing it against the beaker wall with forceps. The formic acid wash was
added to the sample. The pooled formic acid extract was filtered through a ^S^um
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Metricel membrane filter (25 mm diameter) to remove any filter disc fragments or
other particulate matter. The filtrate was frozen solid and lyophilized for 12 to 34
hours. The final lyophilized extract was dissolved in 0.5 ml HPLC-grade water and
filtered through a .45 yum Millipore filter (4 mm diameter) attached to the end of a
one cc tuberculin syringe to remove undissolved particles. The filtrate was stored in
an Eppendorf tube on ice until it was loaded onto the HPLC column.
Twenty microlitres of the sample was loaded onto an Alltech
nucleotide/nucleoside 7U reverse phase HPLC column (250 mm x 4.6 mm) and the
following conditions were used for chromatography:
TIME
(min)

FUNCTION

VALUE

0
0
2
2
22
36
44
65
65

Flow rate
%B
Alarm
%B
%B
%B
%B
Flow rate
End

1.00 ml/min
0%
10%
20%
100%
0%
0 ml/min

DURATION
(min)

0.1 min
20 min
10 min
4 min
5 min

Where A=0.25 M ammonium acetate, pH 6.0 (Dissolved in HPLC-grade water and
filtered)
and B= 100% methanol (HPLC grade)
The sample was injected after 2 minutes at the sound of the alarm.
The eluant from the column was analyzed by a Kratos Spectroflow Model 783
programable absorbance detector (wavelength: 254 nm) and the absorbance peaks
were plotted with a Spectra-Physics Model SP4270 integrator.
For a flow diagram of the protocol for sample preparation for HPLC see
Figure 3.
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Figure 3. Protocol for sample preparation for High Performance Liquid
Chromatography (HPLC) analysis.
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2.9. In Vivo [3H] Methyl Labeling
The method of in vivo [^H]methyl labeling was a modification of that of
Spudich et al, (1988). H. halobium cells grown in peptone medium were centrifuged
at 10,800 x g (SS34 rotor) for 3 minutes and resuspended (final O.D.500: 0.8-0.9) in
basal salts buffer containing 10 mM MES [2-(N-morpholino)ethanesulfonic acid; pH
6.8]. Twenty microlitres of puromycin (3 mg/ml in ethanol) was added to 2 ml of the
resuspended cells which were then incubated at 37°C with shaking for 15 minutes. L[raef/iy/-3H]methionine (20yul; 14yuM, 71 Ci/mmol, Sigma chemical company) was
added and incubation was continued for 60 minutes.
When cells were to be exposed to anaerobic conditions nitrogen was bubbled
through the culture for 3 to 10 minutes depending on the experiment. Without
stopping the nitrogen gas flow 1 ml of the cell suspension was removed and
immediately added to 10 ml of ice cold acetone in a 15 ml Corex centrifuge tube and
centrifuged at 6,000 x g for 10 minutes at 4°C. The supernatant was discarded into a
radioactive waste bottle and the pellet was suspended in 10 ml of ice-cold 50%
acetone. The centrifuge tube was covered with a triple layer of parafilm, vortexed
vigorously to resuspend the pellet, and then recentrifuged at 6,000 x g for 10 minutes
at 4°C. The supernatant was discarded. The pellet was air dried for approximately
10 minutes to remove residual acetone.
One hundred and twenty microlitres of SDS sample buffer and 2.5ju\ of
mercaptoethanol were added to the tube which was capped with aluminum foil,
vortexed briefly, and placed in a boiling water bath for 3 minutes. Condensation
droplets on the walls of the tube were forced to the bottom by centrifugation at 3,000
x g for one minute. Fifty to one hundred microlitres of sample was loaded onto each
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lane of a 10% SDS polyacrylamide gel and analyzed by the electrophoresis
procedure of Laemmli (1970). The proteins were stained with Coomassie blue and
destained for one hour in Weber Osborn (1969) destaining solution. The gel was
treated with the autoradiography enhancer EN3HANCE™ following the
recommended procedure of the manufacturer (Dupont). The gel was dried under
vacuum for 1 hour, then wrapped in Glad Wrap and placed on a preflashed
(conditions previously optimized in this laboratory) film (Kodak diagnostic XOMAT™ AR film) in a cassette which was kept at -75°C for 1 week, after which the
film was developed in a Kodak automatic RP X-OMAT processor.
For a flow diagram of the protocol for in vivo [^HJmethyl labeling of//.
halobium see Figure 4.
2.10. Methylesterase Assay
The flow assay for methylesterase activity in vivo was essentially the
procedure described by Kehry et al., (1984) as modified for H. halobium by Alam et
al., (1989). Further modifications were required to make it possible to use the assay
for aerotaxis in addition to chemotaxis and phototaxis (see Figure 5; see also section
3.9.2. in Results).
Prior to running a flow assay 2.5 ml (Universol™ Cocktail, ICN Biomedicals)
was added to each of sixtythree labeled 6 ml (Wheaton plastic sampuleR) scintilation
vials.
The reservoirs of the flow apparatus were filled with basal salts buffer and the
gas regulators were set to deliver gas at a final pressure of 4 psi, resulting in vigorous
bubbling of gas through each reservoir.
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Figure 4. Protocol for in vivo [3H]methyl labeling in Halobacterium halobiwn.
Abbreviations: MES = [2-(N-morpholino) ethanesulfonic acid]; SDS = Sodium
dodecyl sulfate; BS = Basal salts buffer.
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Figure 5. Methylesterase assay apparatus, a) Detail of basal salts reservoir showing
gas inlet, basal salts outlet, and vent to allow gas to escape, b) Detail of switching
valves in apparatus, c) Complete assay setup. All lines and components between gas
tanks and reservoirs contain oxygen or nitrogen gas. All lines and components
between reservoirs and fraction collector contain basal salts buffer. Bacterial cells
are loaded into the apparatus at the syringe port. The cells collect on the filter where
they remain for the duration of the assay. Basal salts buffer from one or the other
reservoir flows over the cells at all times and is collected by the fraction collector.
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Basal salts buffer was run from each reservoir through the entire apparatus to
fill the lines. During this initial filling procedure a reusable filter unit with a hole
punched through the filter, kept expressly for this purpose, was temporarily inserted
in the line rather than the filter to be used during the actual experiment. This was
found to be necessary to obtain good flow rates during filling and to prevent
prematurely clogging the experimental filter with salt crystals or with precipitates in
the basal salts buffer (the latter problem was later eliminated by filtration of the
basal salts buffer).
During the removal of the "temporary" filter holder and insertion of the
"experimental" filter holder (Sartorius minisartR NML disposable syringe filter
holder 3 cm diameter, 0.2pore size), it was necessary to shut one of the valves to
prevent loss of the basal salts buffer through gravity. After insertion of the
experimental filter holder basal salts buffer were run through the apparatus until the
filter was wet and the air contained in the filter holder had been removed from the
apparatus.
Two millilitres of peptone medium containing H. halobium grown to O.D.600:
0.5-0.6 was centrifuged at 10,800 x g (SS34 rotor) for 5 minutes in a SorvallR RC-5B
refrigerated superspeed centrifuge, the supernatant discarded and the pellet
resuspended in 2 ml of basal salts buffer with 0.1% arginine and 5 mg/100 ml
puromycin. The bacteria were then preincubated for 10 minutes at 37°C with
shaking. Eighty five microlitres of [^H]methionine (71 Ci/mmol, 1.0 mCi/ml) was
then added to the cells followed by incubation for 40 minutes at 37°C with shaking to
label the cells.
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Unincorporated label was removed by centrifuging the cells at 10,800 x g
(SS34 rotor) for 5 minutes. The supernatant was discarded and the pellet
resuspended in 1 ml basal salts buffer with 0.1% arginine, 5 mg/100 ml puromycin,
and 0.1 mM cold methionine added. This was repeated for a total of four times
(later reduced to two times because the 20 minute washing time on the filter made it
uneccesary to wash extensively by centrifugation). The H. halobium cells were
loaded onto the filter by slowly injecting the resuspended cells through the syringe
port of the apparatus. It was necessary to disconnect the silicone tubing from the
(LKB 2232 Microperpex S peristaltic) pump during loading to prevent excess
pressure build up at the filter and at the switching valve.
As soon as the cells were loaded the tubing was reconnected through the
pump and basal salts buffer from the reservoir was pumped through the filter at a
flow rate of 25 ml/hr. Filtrate collected during the first 20 minutes was discarded
(The first few fractions having been previously determined to be of little interest
because of the high background noise). Fractions (time: 1 minute; volume: 0.42 ml)
were collected in 1.5 ml Eppendorf micro test tubes nested in the tops of regular test
tubes inserted into the slots in a Haakebuchler LC100 automatic fraction collector.
As soon as the tube for fraction 2 was positioned under the drop
former/counter, the tube containing fraction 1 was tightly capped to prevent
evaporation of the volatile [3H]methanol collected, likewise while fraction 3 was
being collected fraction 2 was capped and so forth, so that all fractions would have
the same, minimal, time during which [3H]methanol could be lost to evaporation
during the fraction collecting procedure. As soon as the 21st tube was positioned
under the drop former/counter, a switch was made from one reservoir to the other.
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As soon as the 41st tube was positioned under the drop counter a switch was made
back to the initial reservoir.
When all 60 fractions had been collected they were vortexed briefly. The 1.5
ml eppendorf standard micro test tube containing fraction one was opened and a 350
ul aliquot was removed and placed in an 0.5 ml Eppendorf micro test tube which was
then immediately capped. The procedure was repeated until aliquots from all 60
fractions were transferred to the small tubes. Each small Eppendorf test tube
containing a 350 ^u.1 sample was opened and inserted into a scintillation vial labeled
with the same fraction number and the lid was screwed on the vial tightly. It was
necessary to handle the vials carefully to prevent tilting and spilling of the contents of
the Eppendorf tube into the scintillant or vice versa.
The radioactive tritium was measured by counting each vial for 5 minutes in a
Beckman LS 3801 liquid scintillation counter. Counting was repeated during the
following 48 hours. By the end of that time (room temperature) distilation of
[3H]methanol from Eppendorf tube to scintillant had reached equilibrium as
determined by preliminary experiments.
2.11. Glycerol Gradients
Glycerol gradients used for aerotaxis mutant selection were formed using an
ISCO dial-a-grad gradient maker and two batches of motility medium (desciption
follows) that were identical except for the concentration of glycerol. The glycerol
buffers were mixed in 50 equal stepwise jumps to give a 0-1.0% glycerol gradient in a
final volume of 3.32 ml or 6.64 ml in a standard size spectrophotometer cuvette (10 x
lOx 45 mm). Salmonella typhimurium BT131 [ST171::TnlO (CheB)] and Escherichia
coli RP437 (Che+) grown in VBC (Vogel Bonner Citrate) glycerol medium to
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approximately O.D.500: 0.3 were mixed to give a ratio of approximately 1:100,000.
The actual ratio was determined by serial dilution followed by plating and counting
the resultant colonies. BT131 grew on nutrient broth plates and on nutrient broth
plates containing tetracycline (25yug/ml), while RP437 grew only on nutrient broth
plates in the absence of tetracycline.
After removal of an aliquot for determining the BT131:RP437 ratio, three
millilitres of the cell suspension was washed and resuspended in 0.1 ml of 1.2%
glycerol in motility medium. Sixty, ninety or onehundred and twenty microlitres of
the mixture was then innoculated into the bottom of the gradient with minimum
disturbance of the gradient. The top of the gradient was gassed with a gentle stream
of nitrogen to increase the speed of oxygen gradient formation. After 3.5 to 6.5 hours
of incubation a 10 or 30^il sample was withdrawn from the bottom of the gradient
and the BT131:RP437 ratio of this sample was determined and compared to the
pregradient ratio. The composition of the motility medium used in the gradient was:
0.00744 g KEDTA, 0.00792 g (NH^SO* and 20 ml of 100 mM KPO4 per 200 ml
double deionized water. Glycerol was included to give 0%, 1%, 1.2%, and 5% stock
solutions.

3. Results

3.1. Use of a Liquid Column to Select for Aerotaxis Mutants
Before commencing the study of Halobacterium halobium aerotaxis, an effort
was made to evaluate the possibility of isolating an aerotaxis mutant using a liquid
column stabilized by a preformed glycerol gradient. The effectiveness of this
screening method was investigated using strains of Escherichia coli and Salmonella
typhimurium but the applicability of the method would theoretically be much broader
and include (with modifications) the ability to screen almost any species of
bacterium.
Aswad and Koshland (1975b) developed the technique of using a preformed
gradient in a vertical column of liquid medium to isolate non-chemotactic mutants.
Bacteria were placed as a narrow band at the edge of a step gradient of glycerol. A
serine gradient extended from the level of the bacteria to the top of the liquid
column. It was assumed that the wild type chemotactic bacteria would swim up the
serine gradient while non-chemotactic but motile bacteria would not respond to the
serine gradient but would diffuse or swim further from the original band in both
directions than non-motile bacteria. The separation of chemotactic and nonchemotactic individuals was more efficient than expected because non-chemotactic
smooth-swimming bacteria were found to move preferentially down the column,
presumably influenced by gravity. Sampling from this region of the gradient yielded
a population of bacteria enriched for smooth-swimming mutants. In the first
application of the technique 71 mutants were obtained (Aswad and Koshland,
1975b).
Using a liquid column to separate aerotaxis mutants would theoretically not
work as efficiently as it has for chemotaxis mutants. Wild type aerotactic bacteria
58
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could be expected to swim towards greater oxygen concentrations in both directions
from a centrally placed band or upwards only from a band placed at the bottom of a
glycerol gradient. Non-aerotactic but motile bacteria would also move in the same
directions as the aerotactic bacteria but, their swimming behavior being random, they
might be expected to move away from the original band less efficiently than the
bacteria responding to the oxygen gradient. As a result some separation could occur.
Another difference between the chemotactic and aerotactic screening
applications is that while Aswad and Koshland (1975b) employed a preformed
gradient of the chemoattractant serine, the aerotaxis selection depends on the
consumption of oxygen by the bacteria to create the oxygen gradient. Only bacteria
located close to the leading edge of the oxygen-consuming band will be able to detect
the oxygen gradient. Those bacteria not located near the front will fail to detect the
gradient, not because they have defective sensory transducers, but because they are
not in a region of the column where an oxygen gradient is detectable.
In spite of the theoretical limitations of the technique, the key role that an
aerotactic mutant could play in unravelling the mechanism of aerotaxis made
selection for a mutant using this technique worth investigating. Thus David Chacko
(1985) employed a liquid column method with the intention of isolating a nonaerotactic mutant. Chacko innoculated mutagenized bacteria at the bottom of a
gradient and allowed them to form an aerotactic band. He then withdrew bacteria
from the bottom of the gradient and, after growing the cells overnight, repeated the
selection process for a total of four times.
While chemotaxis mutant selection was efficiently accomplished by the liquid
column technique, aerotaxis mutant selection was not. When mutagenized cultures
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enriched for chemotaxis mutants by the liquid column technique of Aswad and
Koshland were screened on tryptone semisolid medium, 40 percent of the colonies
were non-chemotactic (Aswad and Koshland, 1975b). Use of the liquid column for
enrichment of aerotaxis mutants from mutagenized bacteria has not yet produced an
aerotaxis mutant, although 20,000 bacterial colonies obtained from cultures enriched
by the liquid column technique were screened for the ability to form bands around
oxygen bubbles (Chacko, 1985).
To estimate the theoretical efficiency of the liquid column to enrich for
aerotaxis-deficient individuals, Chacko employed a test mixture of Salmonella
typhimurium ST384 and ST171 strains. ST384 is wild type with respect to motility
and taxis, while ST 171 is a CheB mutant which exhibits a behavior characterized by
constant tumbling. ST171 was used to simulate the behavior of an aerotaxis mutant
in that it could not swim up an oxygen gradient. A 10,000 (ST384) to 1 (ST171)
mixture of cells was placed at the bottom of the glycerol gradient. After a 14 hour
incubation for aerotactic band formation and migration away from the origin, cells
were removed from the bottom of the gradient and the ratio of ST384 to ST171
assessed and compared to the initial ratio. The relative numbers of cells of each
strain were determined by plating on medium E containing glycerol with or without
leucine (ST384 is leucine"; ST171 is leucine+).
Frequently the enrichment of ST171 was found to be only 2 to 4 fold, although
enrichments as great as 20 fold to 100 fold were obtained. Chacko (1985) observed
that his results were inconsistent and that reproducibility was difficult. He was
unable to determine the reason for the inconsistencies.
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In repeating Chacko’s test of the efficiency of the liquid column selection, I
also used a mixture of cells; employing RP437 (a strain of Escherichia coli wild type
for taxis and motility) and Salmonella typhimurium BT131 [ST171 (CheB) with a
TnlO (tetR) insertion]. In six tests of the efficiency of the liquid column an
enrichment of less than a twofold increase in the BT131:RP437 ratio was obtained
four times, an 8.75 fold enrichment was observed once and a single 56 fold
enrichment occured (Table 2). No explanation for the variability in enrichment
efficiency was immediately apparent although enrichment efficiency seemed to be
correlated with the speed of band formation and/or the distance of band migration.
Band formation and migration in turn could be a function of any and all of the
following variables: motility, respiration rate, and the initial concentration of cells
and any other factors affecting oxygen consumption and thereby gradient formation
rates.
A liquid column with aerotactic band present was separated into small
fractions (cuvette column, 120yul/fraction; glass tubing column, 40 ^1/fraction) each
of which was analyzed to determine the BT131:RP437 ratio. It was hoped that this
would enhance understanding of the reason for the low selection efficiencies
observed and possibly suggest improvements of the technique.
Two types of liquid gradient columns were analyzed:
1) a gradient of 0-1% glycerol with the original band of bacteria in 1.2%
glycerol at the bottom of a (10 x 10 x 45 mm) cuvette. This type of gradient was
similar to the gradients Chacko and I had employed to determine enrichment
efficiencies previously (Figure 6A). 2) a gradient formed in glass tubing (50 mm x 12
mm) with the band of bacteria in 1.2% glycerol placed in between two gradients,
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Figure 6. Profile of BT131:RP437 ratios in gradient fractions. Cartoon A illustrates
the technique of obtaining fractions from a glycerol gradient formed in a cuvette.
Cartoon B shows how fractions were obtained from a glycerol gradient formed in
glass tubing. Plot a is a profile of the optical density and (strain) composition of the
bacterial population in each fraction obtained from the gradient in the cuvette A;
while plot b is a similar profile of the fractions obtained from the gradient in the glass
tubing B. The horizontal dotted lines in plot a and b indicate the pre-gradient ratios.
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a 0-0.5% glycerol gradient above the band, and a 3.8-4.5% glycerol gradient below
the band. The glass tubing column was designed to allow drop collection from the
bottom of the apparatus without the use of a peristaltic pump which might disturb
the gradient during fraction collection (Figure 6B).
Approximately 5 hours after innoculation the band in the cuvette had
migrated a distance of 15 mm and fraction collection (one fraction = 3 drops = 120
^jd) was initiated by inserting into the cuvette a syringe needle attached to tubing
passing through a peristaltic pump (Figure 6A). Fraction collection from the cuvette
required two and a half hours during which time band migration continued.
The original band in the glass tubing holder had separated into two bands
some 5 mm apart when (3 drop; 40yu.1) fractions were collected by loosening a clamp
on the rubber tubing extending from the bottom of the gradient holding chamber
thus allowing drops to form and fall from the end of the tubing (Figure 6B).
The ratio of BT131:RP437 in each fraction (or every fifth fraction) was
determined as described in section 2.11. The ratios were plotted and superimposed
on a graph of optical density (600 nm) plotted as a function of fraction number
(Figure 6a,b).
In the cultured fractions obtained from the cuvette the BT131:RP437 ratio
was greater than the starting ratio in only two places; at fraction 16 and 17, that
appear to represent the leading edge of the aerotaxis band, and in fractions 20-23,
that would seem to represent the top of the gradient but might represent the bottom
of the gradient that was perhaps not efficiently sucked up through the needle (the tip
of which was a millimeter or more above the bottom of the cuvette) until the cuvette
was almost empty. Perhaps the non-motile bactera adhered to the bottom of the
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cuvette and were pulled loose as the final drops of liquid were removed. In the
cultured fractions from the glass tubing gradient the highest BT131:RP437 ratio was
found in the fraction corresponding to the innoculation site in the gradient.
The most important observations that can be made of the gradient profiles
are: 1) No fraction had a greater than two fold enrichment of BT131 relative to
RP437. 2) Considerable numbers of wild type bacteria are present in fractions
outside of the aerotactic band, suggesting the major reason why selection is probably
not efficient: if the majority of aerotactic bacteria are outside the aerotactic band,
they will not be efficiently separated from non-aerotactic bacteria.
These results are similar to findings by Adler (1966) who analyzed band
migration of E. coli in response to oxygen in capillaries. Adler analyzed the
distribution of wild type bacteria along the capillary at various times. By fragmenting
the capillary into sections and measuring the viable bacteria in each section he found
that no more than about 20 percent of the bacteria were found in the section of
capillary containing the band, while the vast majority of the bacteria are in the
sections corresponding to the innoculation site and the sections adjacent to it. The
80 percent of the bacteria not in the band are not aerotaxis mutants (as
demonstrated by using them to innoculate a second capillary) but simply bacteria
that found themselves in a position where they were unable to detect the gradient.
Oxygen measurements of the gradient above and below the aerotactic band in
this laboratory showed that oxygen levels within the band and 1 mm above the band
were half that of oxygenated motility medium. Conversely, 1 mm or more below the
band oxygen was essentially absent. Measurements were made using a Transidyne
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General Chemical Microsensor and a Diamond Electro Tech 760 PO2 needle
electrode.
Other problems inherent with the gradient selection technique include
instability of the band due to convection, gravity and/or other unidentified variables
(a theoretical treatment of the basis of band sinking is found in Kessler, 1986).
Aerotactic bands observed in this project were not always sharply defined or
symetrically shaped.
While decreasing the size of the innoculum might result in a larger percentage
of the bacteria migrating in the aerotactic band, a smaller number of bacteria would
also consume oxygen more slowly and form a gradient less efficiently. If the number
of bacteria innoculated was small enough, it might not include a single mutant. If
aerotaxis mutants are fairly rare (Chacko’s screening results suggest a frequency of
less than 1 in 20,000, Chacko, 1985) it would require a selection efficiency greater
than that afforded by this method to efficiently select for a mutant. A novel
technique needs to be designed to provide the best chance of obtaining an aerotaxis
mutant.
3.2. Chemoattractants of Halobacterium halobium
Before testing the effect of ethionine on aerotaxis it was first tested for its
effect on chemotaxis, a process in which methylation is known to be involved.
Previous chemotaxis behavioral assays in H. halobium have been primarily limited to
capillary assays (Schimz and Hildebrand, 1979). To facilitate comparison between
aerotaxis and chemotaxis, chemotaxis temporal assays were performed in this
laboratory.
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Limited results from chemotaxis temporal assays were already available for
Halobacterium halobiwn when the use of the temporal assay for H. halobium
chemotaxis was adopted in this laboratory. Spudich and Stoeckenius (1979) had
previously reported that a sudden step-up in the concentration of arginine transiently
suppressed reversals. They had also used peptone motility medium as a
chemoattractant stimulus and determined the response of individual bacteria during
repetitive playbacks of a videotape recording.
In the process of screening possible chemoattractants it was found that
several substances that had previously been found to give an attractant response in
the capillary assay (Schimz and Hildebrand, 1979) failed to elicit an attractant
response in the temporal assay, notably glucose, asparagine and possibly histidine.
Conversely, two substances which elicited no response in the capillary assay did elicit
a clear response in the temporal assay: arginine and valine (Table 3). Arginine had
already been discovered to be a chemoattractant in a temporal assay by Spudich and
Stoeckenius (1979), but the discovery of the chemoattractant nature of valine was
novel. Other substances tested that failed to elicit a response in the temporal assay
were: lysine, galactose, and succinate (data not shown). Arginine was selected as the
attractant for chemotaxis studies because it elicited the most consistent and
prolonged smooth swimming response (Table 3).
It is not clear why a given substance would elicit a tactic response in the
capillary assay but not in the temporal assay while another substance would elicit no
response in the capillary assay yet show a tactic response in the temporal assay. It is
conceivable that an attractant might elicit a response only in the capillary assay if it
caused very small effects on a percentage of the total bacterial population which
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cumulatively might add up to a detectable response in the capillary assay although
the response would not be detected in a temporal assay. On the other hand, in a
spatial gradient bacteria experience smaller gradients than are possible in a temporal
assay. This could result in a negative attractant response in a capillary assay, but a
positive response in a temporal assay. Differences in strains and experimental
conditions used in different laboratories may also contribute to variability in ability to
detect specific responses.
The weak chemotactic response of H. halobium in the capillary assay makes
the use of a temporal assay valuable in studying the attractant properties of various
substances. The signal to noise ratio (accumulation in capillary containing attractant
compared to accumulation in capillary containing buffer) was only 1.5-2.5 in capillary
assays using H. halobium as performed by Schimz and Hildebrand (Schimz and
Hildebrand, 1979). Much more vigorous chemotaxic responses have been observed
in other organisms such as E. coli where signal to noise ratios of peak responses in
capillary assays ranged from 3-1000 fold depending on the attractant used (Hedblom
and Adler, 1983) and B. subtilis where signal to noise ratios exceeding 1000 have
been observed (Ordal and Gibson, 1977).
Although chemoattracants for H. halobium in the temporal assay were
generally screened at concentrations of 1000-2000yuM, arginine, which elicited the
strongest behavioral response, could be detected at concentrations as low as 78yuM.
The threshold for the temporal assay response to arginine of 78 yuM for
Halobacterium halobium is comparable to the threshold for arginine exhibited by
Bacillus subtilis at 60yuM (Ordal and Gibson, 1977). In practice, the threshold
appeared to vary somewhat depending on the culture used and the length of time
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that the cells had been in buffer; the longer the cells had been in buffer at the time of
arginine addition, the longer the smooth swimming response and the lower the
threshold. This result could reflect residual arginine in the cells which was depleted
over time in the buffer. Methionine may also have been depleted in the buffer.
33. Respiratory inhibitors
To determine if oxygen utilization is necessary for the detection of, and
behavioral response to, oxygen it would be useful to block respiration and investigate
whether aerotaxis was abolished or unaffected under these conditions. Inhibition of
respiration by various inhibitors was attempted. Rotenone, HQNO, and antimycin A
all had very limited solubility in water. When added to methanol or ethanol solubility
was enhanced but it was not possible to obtain a concentration of inhibitor sufficient
to inhibit Halobacterium halobium respiration. The alcoholic solutions required to
solubilize the inhibitors caused a dramatic change in the morphology of the bacteria
which went from rod shaped cells to non-motile spheres. Addition of cyanide caused
the formation of unidentified crystals when added to buffer or medium in the
presence or absence of bacteria. Inhibition of respiration with cyanide was variable,
inconsistent, and incomplete. Difficulty with inhibition of respiration by cyanide
could be due to the existence of multiple oxidases in the respiratory chain. Gradin
and Colmsjo (1987) observed that there is probably more than one oxidase in the
respiratory chain of H. halobium of which only one is blocked by "CN.
Attempts by others to find a variety of respiratory inhibitors which block
aerotaxis in S. typhimurium met with limited success. Taylor et al (1979) were able to
block respiration and the aerotactic response in a temporal assay by using 1 mM
KCN. However, azide, which inhibited oxygen uptake by 80-90% was unable to
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prevent the aerotactic response. Although 5 mM cyanide also prevented a response
in the spatial and temporal assays performed by Laszlo (Laszlo 1981; Laszlo and
Taylor, 1981) none of the following inhibitors were able to block the response of S.
typhimurium in the temporal assay: antimycin A, amytal, rotenone, British anti
lewisite and HQNO (tested by William Goral as reported by Laszlo, 1981).
However, Goral and Laszlo were able to inhibit aerotaxis oi Bacillus cereus with
HQNO (Laszlo, 1981; Laszlo et al, 1984b). In subsequent experiments in S.
typhimurium (Shioi and Taylor, 1984) 5 mM KCN was not sufficient to abolish
aerotaxis in the temporal assay and even 20 mM KCN did not completely abolish
aerotaxis in the temporal assay. The magnitude of the response to air did decrease
with increasing concentrations of cyanide but the response time, defined as the time
interval between the initiation of the change in tumbling frequency and recovery to
its initial level, was almost unchanged by KCN. The presence of two pathways - one
cyanide sensitive and one cyanide resistant - was postulated to explain these findings.
Even if respiration of H. halobium could be blocked completely with an
inhibitor it may not be possible to determine the effect on aerotaxis per se as the
blocking of respiration may be linked to a decrease in proton motive force sufficient
to alter motility and make behavioral assays meaningless. However a combination of
a very efficient respiratory inhibitor and an alternate energy source for maintaining
the pmf may permit resolution of the role of oxygen consumption in aerotaxis in the
future.
3.4. Wavelength-Dependent Light Effect on Apparent Oxygen Consumption
Because light appears to affect aerotaxis in the bubble assay (see section
3.6.2.) it was of interest to determine if part of this effect might be due to a change in
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respiratory rate in bacteria when they are illuminated. To focus light on the bacteria
inside the chambers of the Yellow Springs Instruments Oxygen Monitor System a
concentrated light source in the form of a Nikon MKII Fiber Optic Light was used.
The light beam was focused on the three millilitre bacterial sample.
Previous experiments performed elsewhere with highly concentrated cells
(concentrated four fold after 4 days of growth) had indicated a slight inhibition of
respiration by light when oxygen consumption rates were monitored for a period of
one hour (Oesterhelt and Krippahl, 1973). Oesterhelt and Krippahl calculated that
between 25 and 40 quanta of light were required to be absorbed by
bacteriorhodopsin in order to prevent consumption of one molecule of oxygen.
Surprisingly, in our hands Halobacterium halobium initially appeared to
increase oxygen consumption rates as much as two fold when the Fiber Optic Light
source was turned on and to decrease oxygen consumption rates when it was turned
off again. The response was not due to a temperature effect as a heat filter (Melles
Griot 03FHA023) did not diminish the light response, and simply heating the sample
chambers by changing the temperature of the water bath during measurements
(from 37°C to 44°C) had no effect on oxygen consumption rates.
Although heat filters placed between the light source and the bacteria did not
alter the increased oxygen consumption rates, colored filters did. Yellow, red, and
green filters cut from plastic Mylar sheets abolished the response while a blue filter
had no effect, indicating that the apparent effect on oxygen consumption was elicited
by specific wavelength(s) of light (See Figure 7B for transmission spectra of the
colored filters).
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Figure 7. Wavelength-dependent light effect on apparent oxygen consumption by
peptone medium. A) Changes in oxygen concentration in peptone medium
measured by a Yellow Springs Instruments Oxygen Monitor during changes in
illumination effected by turning on or off a Nikon MKII Fiber Optic Light and
inserting or removing a yellow filter in the light path. Red and green filters had the
same effect as the yellow filter. A blue filter had no effect. B) Transmission spectra
of the filters (pieces of colored Mylar sheets) as measured by a Beckman DU-8
spectrophotometer.
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However, when medium alone, without any bacteria present, was placed in
the sample chamber of the oxygen monitoring system the light still had the same
effect of increasing apparent oxygen consumption rates even though no bacteria
were present to utilize the oxygen. Turning on the light source caused an apparent
increase in oxygen consumption by the media and this effect could be blocked by
specific coloured filters (Figure 7). This was true of peptone medium used in the
previously described experiments but not of the defined medium used in other
experiments. Other media tested which exhibited the light dependent response
were: Nutrient Broth (with Thymine) and Luria Broth (with thiamine). It is not
known which component(s) of these solutions was responsible for the effect as no
attempt was made to fractionate the media. The observations suggest that there is
some substance common to these media which reacts with oxygen (or possibly just
oxygen electrodes) when irradiated by light of a specific wavelength in such a way as
to cause a real or apparent decrease in the oxygen concentration.
Although light did not have a noticeable effect on oxygen consumption by
bacteria under the conditions tested in this laboratory, the discovery that light
appears to stimulate oxygen uptake in the media, and perhaps the state of an as yet
unidentified component of the media, needs to be considered when designing and
interpreting assays involving changes in light level. However, experiments testing the
ability of//, halobium to discriminate between 1%, 10% and 100% oxygen (section
3.5.3.) suggest that such an effect may not significantly affect aerotactic behavior
except under conditions where the light effect is sufficient to reduce the oxygen
concentration to negligible levels.
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3.5. Development and Optimization of the Temporal Aerotaxis Assay and Motion
Analysis Program
The use of a temporal assay for aerotaxis was pioneered by Laszlo and Taylor
(1981) who used it primarily to study aerotaxis in S. typhimwium. Essentially the
same apparatus was used for H. halobium studies but a few modifications were
required. Because the optimum temperature for H. halobium is about 40°C the
entire apparatus was placed inside a 37°C incubator room. Both oxygen and
nitrogen were passed through gas washing bottles containing water to humidify the
gasses, this was necessary to prevent rapid crystalization of the salt in the drops of
bacteria under observation. The gas washing bottle containing pyrogallol and the
mixing tube used by Laszlo were omitted as the apparatus was not used to determine
H. halobium responses to many slightly different concentrations of oxygen.
Halobacterium halobium swimming speeds are 2-5 microns per second (Alam and
Oesterhelt, 1984; Spudich and Bogomolni, 1988), compared to 25 microns per
second in E. coli (Berg and Brown, 1972; Macnab and Koshland, 1972). The
frequency of reversals in H. halobium is also low, 4-30 seconds between reversals
(Spudich and Bogomolni, 1988), compared approximately 1 second between
reversals in E. coli (Berg and Brown, 1972). Consequently it was sometimes difficult
to accurately determine visually the changes in swimming behavior in response to
stimuli. To provide a quantitative and objective measure of behavioral changes a
computer analysis program was developed which calculated the reversal frequencies
of a population of bacteria during each of several set intervals of time within the
duration of an aerotaxis temporal assay (See Appendix).

78

3.5.1. Growth Phase Dependence of Aerotactic Response
In one of the first aerotaxis assays performed with this apparatus, the
difference between the reversal frequency of H. halobium exposed to oxygen and the
reversal frequency of H. halobium exposed to nitrogen was particularly marked. In
subsequent experiments the difference was not always as apparent. After
accumulating data from several assays the results were arranged according to the
optical density (i.e. growth phase) of the culture used for the assay (Figure 8). An
apparent pattern emerged with maximal response present at O.D.500: 0.08, and
decreasing responses for cells from cultures whose optical density differed
significantly from this optimum.
To quantify differences in the aerotactic response an index of the strength of
the aerotactic response was developed. The reversal frequency during the nitrogen
exposure interval was divided by the reversal frequency during the oxygen exposure
interval. A higher index number (i.e. a greater difference between the reversal
frequency in nitrogen and that in oxygen) signified a more distinct and readily
observed aerotactic response. This is different from the quantitation of a temporal
assay response in previous studies of E. coli and S. typhimurium that measured the
duration of smooth swimming. The most distinct aerotactic response occured when
the cells were obtained from a culture at O.D.500: 0.05-0.15. It appears that
optimimum sensitivity of the temporal aerotaxis assay requires standardization of
growth conditions and use of cultures at a particular growth phase.
Oxygen consumption was plotted as a function of O.D.600 of the culture.
When aerotaxis was plotted versus O.D.500 the peak aerotactic response was found
to coincide with a peak in respiration (Figure 9). It seems probable that both
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Figure 8. Changes in reversal frequency in response to changing oxygen levels.
Reversal frequencies for consecutive 30 second intervals were determined by
computer assisted motion analysis. Arrows indicate times at which 10% oxygen was
added to or removed from ventilating nitrogen gas. The O.D.500 value at the top of
each plot is the optical density of the culture from which the bacteria were obtained,
the n value is the average number of bacteria present during each 30 second interval.
The date given in brackets indicates the date on which the assay was performed.
(Note that assay no.2 and no.3 were performed on the same day with the same
culture).

80
"]
o
o

O.D.600=.03/n=11

2.0

o
-oxygen

v>
u>

t

sz

1.5-

£
CO

1.0-

+oxygen

0.5-

4

V)
CO
M

o>

+oxygen

,1

CO
Q.

CO
CA

2

3

4
6
8
time(min)

O.D.600=.05/n=12

0

in

1.5-

i

-oxygen

+oxygen

t/AI

0.5-

a.
CO
CA

o

4
6
8
time(min)

+oxygen
1.0-

i

0.5-

O.D.600=.11/n=31

0

1012

2.0

2

6

(10/6/87)
o

t

+oxygen

4
6
8
time(min)
O.D.600=.15/n=13

1012

(7/31/87)

2.0

0>

0)
CA

w

in

1.5+oxygen

£

1.5-

£

-oxygen

co

+oxygen

i.o-

+oxygen

co

a.

-oxygen

+oxygen

1.0-

<A

CA

CO
(A

0.5-

0.5-

0)

Q>

>

>

0)

0)

0.0

0.0

0

2

7

4
6
8
time(min)
O.D.600=.25/n=5

0

1012

2

8

(1/29/88)

2.0

o

4
6
8
time(min)

1012

AVERAGE OF #1-6

2.0

0)
CA

0>
CA

in

1.5-

1.5-

£

£

+oxygen

co

co

Q.

-oxygen

1.0+oxygen

co

o>

-oxygen

0.0
2

5

CA

1.5-

C)

0

w

(4/14/87)

>
0.0

a

1012

2.0

CA

0>

in

O.D.600=.08/n=18

CO

1.0-

>

o

4
6
8
time(min)

£

+oxygen

co

CO
CA

[i

0>
V)

CA

a.

2

4
o

co

m

t

0.5-

(10/27/87)

2.0

£

o

-oxygen

1.0-

1012

0)
CA

o>

+oxygen
+oxygen

0.0
0

(A

1.5-

0)

0.0

Sr

2.0

>

CD

in

(10/27/87)

0>

>

o

O.D.600=.05/n=10

0)

(0

5

2

(9/18/87)

0.5-

«
+oxygen

CO
CA

-oxygen

+oxygen

1.0-

0.5-

0)

>

>

0

0

0.0

0.0

0

0
time(min)

2

4
6
8
time(min)

1012

81

Figure 9. Changes in aerotaxis and oxygen consumption as a function of the growth
phase of Halobacterium halobiwn cultures. Each point on the aerotaxis curve was
obtained by reducing the data of one temporal assay to a single number: the average
reversal frequency during the nitrogen intervals divided by the average reversal
frequency during the oxygen intervals. Each point on the oxygen consumption curve
was obtained by measuring the rate of oxygen consumption by 3ml of a bacterial
culture using a Yellow Spring Instruments Model 53 oxygen monitor.
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respiration and aerotaxis are at a peak in early exponential cells because cells at this
growth phase are more dependent on respiration for energy, while cells in the latelogarithmic to stationary phase are more dependent on light energy harvesting since
purple membrane synthesis peaks at this time.
Cheah (1970) has employed difference spectra at 22°C to calculate the
concentrations of various cytochromes and other respiratory components (such as
heme and protoheme) in H. halobium membranes. He found that the concentration
of several membrane-bound respiratory components was approximately two fold
greater in membrane fractions obtained from mid-logarithmic cultures than from late
stationary cultures.
The growth phase dependent concentration of respiratory components
probably explains the greater oxygen consumption rates of H. halobium from
cultures in early exponential growth phase. The fact that peak respiration and
aerotaxis occur at the same growth phase in H. halobium could be interpreted in
terms of a model in which respiration is required for the aerotactic processs, for
example a model in which oxygen detection involves a protometer which detects the
changes in proton motive force generated by respiration (Taylor, 1983b). However,
one could also interpret the data in terms of a model of coordinate control of
aerotaxis and respiration, ensuring that the peak ability to detect oxygen will coincide
with the peak ability to utilize oxygen.
3.5.2. Modifications of the Temporal Assay and Computer Assisted Analysis.
Although the aerotaxis temporal assay was originally performed on H.
halobium grown and observed in peptone medium it was subsequently necessary to
use the assay with H. halobium grown in a defined medium when performing
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experiments involving starvation for methionine. At the time that assays were first
performed in defined medium, several changes were made in the procedure. In
defined medium the basal reversal frequency appeared to be decreased by anaerobic
conditions and therefore the nitrogen interval was shortened from 3 minutes to one
and a half minutes. To examine the changes in reversal frequency at greater
resolution data was averaged over 15 second intervals instead of the previous 30
second intervals.
Comparisons of the early aerotaxis assays in peptone medium with many of
the later asssays performed in defined medium seemed to indicate that the smooth
swimming response during the first minute in oxygen was not as apparent in defined
medium as it had been in peptone medium (See section 3.8.1.) However,
experiments performed later in peptone medium (See section 3.5.3.) also failed to
show the marked smooth swimming following oxygen exposure seen in the early
peptone medium assays.
The lack of a clear smooth swimming response seemed to be correlated
primarily with a low unstimulated reversal frequency. Both the defined medium
assays and the later peptone medium assays, which also exhibited low unstimulated
reversal frequencies, were performed with cells from cultures grown in flasks instead
of test tubes. These bacteria were cultured in 250 ml Erlenmeyer flasks instead of
test tubes because large quantities were required for other experiments being
performed. Although not recognized at the time, the altered growth conditions
probably resulted in the less than ideal conditions for performance of the temporal
assay.
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3.53. Ability of Halobacterium halobium to Discriminate Between Different
Concentrations of Oxygen
We investigated the ability of H. halobium to discriminate between
differences in concentrations of oxygen smaller than all or none differences.
Temporal assays were performed in which the composition of the gas flowing over
the drop under observation (bacteria in peptone medium) was changed midway
through the assay from the usual 10% to one percent or one hundred percent oxygen
and then back to 10% oxygen. Occasionally there seemed to be a slight response to
lowered oxygen and to increased oxygen. However, if present, responses were small
enough to make it difficult to discriminate them from random noise in the assay
(Figure 10 and Figure 11). Thus, no marked change in reversal frequency was found
in response to either a 10 fold increase or a 10 fold decrease in the oxygen
concentration of the gas flowing through the chamber. These changes in gas
composition were estimated to correspond to a 5 fold decrease in dissolved oxygen,
and a 6 fold increase in dissolved oxygen, by means of oxygen electrode
measurements of oxygen in media equilibrated with 1%, 10%, or 100% oxygen.
These findings suggest that equilibration with 1% oxygen saturates H.
halobium oxygen receptors. This is consistent with results obtained in coliform
bacteria and not surprising in light of the fact that the natural habitat of H. halobium
is one in which dissolved oxygen concentrations are very low, due in part to the low
solubility of oxygen at the high concentrations of salt and high temperatures typical
of the salt pans in which they are found.
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Figure 10. Effect of high oxygen levels on reversal frequency. All plots labeled a
were controls performed with nitrogen; all plots labeled b were tests of the ability of
H. halobiwn to discriminate between 10% and 100% oxygen. For each a,b pair the
experiments were performed on the same day with the same culture. Reversal
frequencies for consecutive 15 second intervals were determined by computer
assisted motion analysis. Arrows indicate times at which gas composition flowing
over the drop of bacteria was changed (removal of 10% oxygen was accomplished by
switching to 100% nitrogen; removal of 100% oxygen was accomplished by switching
to 10% oxygen). The O.D.600 value at the top of each plot is the optical density of
the culture from which the bacteria were obtained, the n value is the average number
of bacteria present during each 15 second interval.

87

1a
o
<u
in
in
£

*1 b

O.D.600=.07/n=14

2.0

o
in

1.5-

0)

n

a

1.0-

re
in

a

0.0
0

1

2 3

2
3
4
Time(min)

5

in
re
in
O

2.0

o
in
m

1.5-

£
Q.

-10% oxygen

in
re
in

+10% oxygen

0.5-

Q

1.51.00.5-

re
0.0

T

1

3a

2
3
4
Time(min)

5

0

6

o
re
in
m

1.5-

£
Q.

-10% oxygen

in
re
re

+ 10% oxygen

0.5-

re

5

6

O.D.600=.08/n=70

2.0
1.51-0-

+100% oxygen
-100% oxygen

*
0.5-

1

2
3
4
Time(min)

5

0

6

t

1

2
3
4
Time(min)

5

6

4 b AVG-OF 3 EXPERIMENTS

4 a AVERAGE OF 3 CONTROLS
2.0

o
re
in

m

1.5-

£

2.0
1.5-

re

re

Q.

i.o-10% oxygen

re
>
re

2
3
4
Time(min)

0.0
0

re
w

1

re

0.0

Q.

t

*wV\/vVVV

>

re

£

I

-100% oxygen

re

i.o-

>

o
re
in
in

+100% oxygen

3b

O.D.600=.08/n=60

2.0

re

re

6

2.0

>
0

in
re
in

5

O.D.600=.08/n=21

re

1.0-

0.0

Q.

2
3
4
Time(min)

0)

re

£

1

2b

0,D.600=.08/n=20

>

o
re
in
u>

0

6

re
Q.

t

0.5-

>

0.0

£

-100% oxygen

<D

a>

re
in
in

+100% oxygen

1.0-

+ 10% oxygen

t/\ I

0.5-

>

o

1.5-

£

-10% oxygen
re
in

2.0

0)
0>

re

a.

O.D.600=.07/n=15

+10% oxygen

re
in

0.5-

re
>
re

i.o-

+100% oxygen

-100% oxygen

t

0.50.0

0.0
0

1

2
3
4
Time(min)

5

6

0

1

2
3
4
Time(min)

5

6

88

Figure 11. Effect of low oxygen levels on reversal frequency. All plots labeled a were
controls performed with nitrogen; all plots labeled b were tests of the ability oiH.
halobium to discriminate between 10% and 1% oxygen. For each a,b pair the
experiments were performed on the same day with the same culture. Reversal
frequencies for consecutive 15 second intervals were determined by computer
assisted motion analysis. Arrows indicate times at which gas composition flowing
over the drop of bacteria was changed (removal of 10% oxygen was accomplished by
switching to 100% nitrogen; removal of 1% oxygen was accomplished by switching to
10% oxygen). The O.D^qo value at the top of each plot is the optical density of the
culture from which the bacteria were obtained, the n value is the average number of
bacteria present during each 15 second interval.
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3.5.4. Measurement of the Smooth Swimming Response by Computer Assisted
Analysis.
Because of the variability in the smooth swimming response to oxygen seen
with the temporal assay as analyzed by motion analysis, the ability of the program to
measure the smooth swimming response of H. halobium was re-evaluated. Cultures
were grown in peptone medium in test tubes and 5 temporal assays were performed
on each of three consecutive days. All three working cultures were started from the
same stock culture and all experiments were performed with cultures at O.D-goo:
0.08-0.10. The smooth swimming response was fairly consistent within and between
the three days as observed visually. A representative experiment from each of the
three days was analyzed by computer assisted motion analysis. All three experiments
gave similar plots when analyzed in this manner (Figure 12). The duration of smooth
swimming as estimated visually was consistent with the estimate derived from the
motion analysis graph in each case.
The behavioral response profile obtained from the motion analysis program
was essentially the same when the path editing (a somewhat subjective process) was
performed independently by two different individuals (Deirdre Frye and myself).
These experiments validate the ability of the motion analysis program to accurately
evaluate the smooth swimming response, at least in instances where the response is
of sufficient intensity and duration to be readily vizualised.
Deirdre Frye also re-analyzed the response at a greater time resolution. [This
required changing two parameters of the program; the minimum number of frames
required for a path was reduced from 75 to 15 (line 4 of the program), and the
minimum net-to-gross-displacement for each path was reduced from 41 to 25 (line 10
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Figure 12. Variability in the temporal assay. Assays performed on three consecutive
days were analyzed by computer assisted analysis. 1) the manual editing of the
analysis was performed by J. Lindbeck (JL) and D. Frye (DF) working together. 2)
and 3) were edited independently by JL and DF respectively. All experiments were
performed with cells from cultures at O.D^qq: 0.08-0.10. The n value at the top of
each plot indicates the average number of bacteria present in each 15 second
interval. Visual estimations of smooth swimming duration for the experiments
plotted in this figure were: 1. 75sec., 2. 50sec., 3. 50sec..
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of the program)]. When one of the experiments analyzed at 15 second intervals was
re-analyzed at 5 second intervals there was a minimal increase in the ability to define
the length of the smooth swimming response, but there was considerable increase in
the noise of the data (Figure 13). It appears therefore that 15 second intervals are
close to the optimum analysis time for H. halobium aerotaxis behavior using this
program.
3.6. Assays of Aerotaxis in Halobacterium halobium Mutants
3.6.1. Spatial and Temporal Aerotaxis Assays of Chemotaxis-Phototaxis Double
Mutants
Aerotaxis was studied in five strains obtained from S. A. Sundberg which had
been classified as Phototaxis deficient (Pho') and Chemotaxis deficient (Che')
according to qualitative screening for loss of photosensitivity and the loss of ability to
form chemotactic rings on soft agar plates. All five strains (pho5, pho 18, pho37,
pho64, and pho72) are smooth swimming. Pho5 is thought to be altered in
methylesterase control, Pho 18 and Pho37 appear to be defective in intracellular
signaling, and Pho64 and Pho72 appear to be defective in the methyltransferase
(Sundberg et al, 1990; see also section 1.5.). If any of these strains proved to exhibit
aerotaxis it would indicate that the altered component(s) of the mutants were not
required for the aerotaxis pathway, but were specific to the chemotaxis and
phototaxis pathways. Conversely if these strains also lacked aerotactic ability it could
suggest that the component(s) altered in these mutants are required for some
process common to all 3 tactic responses.
In the temporal aerotaxis assay all five strains were found to be completely
smooth swimming. Even during the first minute of the nitrogen exposure, when
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Figure 13. Effect of frequency of sampling on plots of behavioral assays. 1) is the
same as 2b in Figure 12. 2) is the result of computer assisted analysis of the same
experiment as (1) except that the data was collected and averaged over 5 second
intervals instead of 15 second intervals (the second and third 5 second intervals after
the switch to oxygen are missing because of accidental deletion of the data from the
computer). 3) was derived by averaging the data of adjacent 5 second intervals as
calculated for (2) in order to obtain data representing 15 second intervals.
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reversal frequency is highest in wild type strains, not a single reversal was observed in
an entire field of view (20-30 bacteria) for any of the five strains except for one
questionable reversal by a single pho5 strain bacteria.
In the spatial aerotaxis assay bands were found to form around bubbles of air.
When these bands were examined at high magnification it was found that bacteria in
the region between the edge of the bubble and the band were motile, but that the
bacteria within the band and on the side of the band away from the bubble were not
motile except for a faint "wobbling in place" motion. Consequently band formation
does not appear to represent aerotaxis per se but may simply represent a trapping of
cells when they swim into an anaerobic region and are subsequently unable to swim
out of it.
A distinct difference between the bands formed by the mutant strains and
those formed by wild type H. halobium could be seen if the movement of the band
over time was observed. As oxygen from the air bubble was depleted the aerotactic
band formed by the wild type cells moved ever closer to the source of oxygen until it
appeared to touch the edge of the bubble. The band formed by the mutant strains
did not move in with time and the region between the band and the bubbles edge
became visibly more depleted of cells with time (Figure 14).
The inability of any of the five mutants to exhibit normal aerotaxis indicates
that aerotaxis may require a functional methylesterase and methyltransferase and the
intracellular signaling components missing in these mutants. However, it is also
possible that these mutations might cause such a strong smooth swimming bias that
even a functioning aerotactic system would be unable to overwhelm the "smooth
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Figure 14. Aerotaxis of Halobacterium halobium wild type (S9P) and phototaxis- and
chemotaxis-deficient mutant (Pho72). Cells were grown in peptone medium as
described in section 2.1. of the text. Assays were performed with cells from
stationary phase cultures (Q.D-goo: 1.2). Bar in lower right comer of each photo
represents 0.1 millimeter.
al S9P strain (Ihr after slide preparation)
b) Pho72 strain (Ihr after slide preparation)
c) S9P strain (2hrs after slide preparation)
d) Pho72 strain (2hrs after slide preparation)
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swimming signals" originating from the altered components of the chemotaxis and
phototaxis pathways.
3.6.2. Aerotaxis in the Presence and Absence of Functioning Bacteriorhodopsin and
Halorhodopsin
Bibikov and Skulachev (1989) have suggested that, as in many other bacteria,
proton motive force reception is involved in aerotaxis of halobacteria. They
observed wild type strains to be markedly slower than bR"(bacteriorhodopsin
deficient) hR"(halorhodopsin deficient) strains in the rate of formation of aerotactic
bands. In addition, when bands were finally formed, they appeared fainter and more
diffuse than aerotactic bands of bR" hR‘ strains. These results were explained by
postulating that the presence of active bacteriorhodopsin and halorhodopsin in wild
type strains reduces the respiratory chain contribution to the generation of pmf, thus
decreasing the sensitivity of the proposed pmf-receptor-mediated system of
aerotaxis.
Repetition of Bibikov and Skulachev’s observations under more rigorously
controlled conditions generated essentially the same results. To reduce the
possibility of numerous differences between strains contributing to the differences
between aerotaxis in the bR'hR" and bR+hR+ strain, the bR'hR" strain chosen,
Flxl5, was one derived from the bR+hR+ strain S9P. Oxygen consumption was
measured in both strains at the time that bubble assays were performed on the same
cultures in order to determine if differences in respiratory rates of the two strains
could account for the differences in aerotactic band formation. Finally, bubble assays
of both strains were performed at three different times in the growth curve of the
bacteria to see if the difference between bR+hR-1" and bR'hR' strains would be
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more pronounced at a point in the growth curve at which bR synthesis could be
expected to be at a maximum.
At all points in the growth curve Fix 15 (bR-hR") aerotactic bands were more
distinct than S9P (bR+hR+) aerotactic bands. At O.D.600: 0.44-0.46 and O.D.600*
0.75-0.79 the oxygen consumption rate of Flxl5 was 1.4 fold and 1.6 fold that of S9P
respectively. This difference alone could be postulated to be responsible for the
more distinct banding exhibited by the Flxl5 strain. However, at A500: 1.2-1.3
respiratory rates of S9P and Fix 15 were approximately equal, but aerotactic bands
formed by Flxl5 were distinct while those of S9P were barely discemable (Figure 15).
At this growth phase the bacteriorhodopsin concentration would be at a peak in S9P
cells and the large contribution of purple membrane to the pmf could therefore be
responsible for the markedly reduced aerotactic ability of S9P at this growth phase,
consistent with the model postulated by Bibikov and Skulachev.
A further test of the role of bR and hR was performed by comparing
aerotactic band formation of the bR+hR+ strain S9P in the dark with the same
strain in the light. In the absence of light the S9P bacteria can be considered
functionally equivalent to bR"hR' strains.
Band formation of the bR+hR+ strain (S9P) was more pronounced in
bacteria kept in the dark for the duration of the bubble assay procedure. Bands
formed by S9P with the bubble assay procedure occuring under illumination were
more diffuse (Figure 16) suggesting that functioning bR molecules diminish the
aerotactic response.
Paradoxically, band formation of the bR'hR' strain was more pronounced in
the light (Figure 16) even though bR and hR are absent in both the light and the
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Figure 15. Aerotaxis of Halobacterium halobiwn S9P (wild type) and Flxl5 (bR",
hR") at various phases of growth. Cells were grown in peptone medium as described
in section 2.1. Bar in lower right comer of each photo represents 0.1 millimetre.
Photos were taken approximately 30-40 minutes after slide preparation.
al S9P at A6oo=.44; O2 consumption= 103 nmoles O^min/mg protein
b) Flxl5 at A6oo=-46; O2 consumption =145 nmoles CWmin/mg protein
c) S9P at A6oo=.79; O2 consumption= 83 nmoles CMmin/mg protein
d) Flxl5 at A6oo=.75; O2 consumption =130 nmoles Oo/min/mg protein
e) S9P at A6oo= 1.3; O2 consumption = 48 nmoles OjvmnJmg protein
f) Flxl5 at A6oo=1-2; O2 consumption= 50 nmoles O^min/mg protein
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Figure 16. Effect of light on aerotaxis of Halobacterium halobiwn cells. Bar in lower
right corner of each photo represents 0.1 millimeter. Optical densities of cultures
were: S9P, O.D.600: 0.86; Flxl5, O.D^oq: 0.71. Cells were grown in peptone medium
as described in section 2.1.
al S9P strain after 1 hour in the light
b) FlxlS strain after 1 hour in the light
c) S9P strain after 1 hour in the dark
d) Flxl5 strain after 1 hour in the dark
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dark. Perhaps the more pronounced aerotaxis of Fix 15 under illumination is simply
due to a slight heating effect of the light leading to decreased oxygen solubility in the
bubble assay medium of illuminated assays. This could increase the steepness of the
gradient of oxygen surrounding the bubble. Similarly, a heat-independent,
wavelength-dependent light effect on apparent oxygen consumption by the medium
(See section 3.4.) may increase the steepness of the oxygen gradient in the
illuminated assay. Finally, the air-medium interface may act to reflect light and form
a phototactic stimulus which causes banding in response to the light stimulus to be
superimposed on the aerotactic banding response. (Illumination was provided by
General Electric Watt Miser 34 Watt F40CW-RS-WM Cool White light bulbs
positioned 6 inches above the petri dish chambers containing the assay slides, and
assays were performed at 37°C).
Spatial aerotaxis assays were also performed with PhoSl, a strain lacking both
sRI and sRII as well as being deficient in bR and hR. PhoSl spatial assays
consistently showed dramatic and clear band formation indicating that none of the
four rhodopsin molecules missing in PhoSl are required for aerotaxis, and suggesting
that one or more of the rhodopsins might diminish the aerotactic response in wild
type cells.
Both the differences in aerotactic responses of S9P and Flxl5 strains, and the
difference in aerotactic response of S9P under illumination and in the absence of
light, are consistent with the suggestion that the presence of functional bR and hR
leads to a decrease in the aerotactic response. This is consistent with the findings of
Bibikov and Skulachev who attributed this effect to the competition between bR
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generated protonmotive force changes with a pmf-receptor-mediated aerotactic
process.
3.7. Ethionine and Homocysteine as Methionine Analogs
3.7.1. The Effect of Ethionine on Chemotaxis
The role of methylation in chemotaxis and phototaxis has been investigated by
Schimz and Hildebrand (1987), with the use of inhibitors of methylation, ethionine
and homocysteine. Before using this methodology to determine if methylation is
involved in aerotaxis the published observations on the effects of these inhibitors on
methylation dependent taxis were confirmed.
Studies in many different systems (rat brain, Deguchi and Barchas, 1971;
Escherichia coli, Armstrong, 1972; Bacillus subtilis, Burgess-Cassler et al, 1982; rat
liver, kidney and spleen, Svardal et al, 1988; Mycobacterium avium, David et al, 1989;
mouse embryo, Menezo et al, 1989) have shown homocysteine and ethionine to
inhibit methylation through formation of inactive analogs of S-adenosylmethionine
(AdoMet). If chemotaxis in H. halobium is dependent on AdoMet as a donor for
methylation, and if the inhibitors ethionine and homocysteine have the same effect
on methylation in H. halobium as they do in other systems, a change in the behavioral
responses of H. halobium would be expected in the presence of these inhibitors. This
has been observed for phototaxis and chemotaxis (Schimz and Hildebrand, 1987).
Schimz and Hildebrand (1987) found that while addition of ethionine or
homocysteine to the cell suspension did not change the spontaneous reversal interval
(i.e. the interval between spontaneous reversals), the interval after an attractant light
stimulus became much longer than in untreated cells. The interval following a
repellent light stimulus was also increased. Schimz and Hildebrand (1979) also found
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that preincubation of H. halobium with 1 mM ethionine for 30 minutes abolished the
attractant response to glucose and benzoate in capillary assays.
In a first attempt to confirm the findings of Schimz and Hildebrand cells
preincubated with ethionine (2 mM) for 30 minutes or more in basal salts buffer
showed no detectable difference in the duration of the chemoattractant (smooth
swimming) response to addition of arginine or valine in a temporal assay compared
to cells preincubated in basal salts buffer only. (The length of the smooth swimming
attractant response was timed with a stopwatch and averaged for three
determinations).
Preincubation with ethionine was, however, observed to have a dramatic
effect on chemotaxis when cells in peptone medium were added to an equal volume
of basal salts buffer containing 20 mM ethionine and incubated for 5 hours in the
presence of the ethionine before being centrifuged and resuspended in basal salts
buffer with ethionine and incubated for another hour. Control cells were subjected
to the same incubation times, centrifugations, and changes in medium but without
the presence of ethionine.
After a 6 hour preincubation with ethionine the smooth swimming response
of H. halobium to the addition of 2^/ud of 20 mM arginine to 8yul of the bacteria was
videorecorded and measured during fast forward playback of the videotaped
response. Because H. halobium is relatively slow swimming and has long intervals
between reversals it is easier to observe responses when played back in the fast
forward mode which speeds up the response by a factor of four. The smooth
swimming response of//, halobium to the addition of arginine was 128 ±_ 16 seconds
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in the cells preincubated with ethionine, compared to 52 jb 4 seconds in the control
cells not exposed to ethionine (Figure 17).
Arginine was used as the attractant in these tests of the effect of ethionine
because the response to arginine by H. halobiwn is readily observable in a temporal
assay (See section 3.2.). Although 1 mM Arginine did not elicit a response in the
capillary assay as performed by Schimz and Hildebrand (1979), Spudich and
Stoeckenius (1979) found that a sudden step-up in the concentration of arginine will
transiently suppress reversals, and I have been able to observe a smooth swimming
response to concentrations as low as 16 ymM (addition of 2 yul of 78 yuM Arginine to 8
yul of bacteria).
3.7.2. The Effect of Ethionine and Homocysteine on Aerotaxis
Cells were preincubated with ethionine for 6 hours using the protocol
described for chemotaxis studies in the previous section. The response to changing
concentrations of oxygen in a temporal assay appeared to be more pronounced in the
bacteria preincubated with ethionine than in control cells (Figure 18). There was a
greater suppression of reversals following the introduction of oxygen in the ethionine
treated cells. There also appeared to be an increase in the duration of the smooth
swimming response preceding a reversing overshoot in the ethionine treated cells. A
similar change in the response was obtained when cells were preincubated with
homocysteine instead of ethionine (Figure 19).
The fact that experiments were performed serially on aliquots from the same
bacterial preparation means that increased concentrations of inhibitor were also
correlated with increased time in basal salts buffer and therefore increased
methionine starvation (an additional 15 minutes for each step up in inhibitor
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Figure 17. Effect of preincubation with ethionine on the smooth swimming response
of Halobacterium halobiwn to arginine. Ethionine treated cells were preincubated
with 20 mM ethionine as described in the text. Each data point represents a
response addition of arginine to the bacterial cells. The figure represents the pooled
data collected during two days. (Half the data points for the controls and half the
data points for the treated cells were collected on day 1; the other half on day 2).
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Figure 19. Effect of preincubation with ethionine and homocysteine on the response
of Halobacterium halobium to changes in oxygen concentration. Each bar represents
the average reversal frequency during the first minute after a change in gas
composition. The ethionine graph represents the pooled data of two experiments (2
controls and 2 ethionine treatments) performed on the same day using cells from the
same culture (Q.D-goo: 0.15). The homocysteine graph represents the data from a
single experiment at each concentration performed on the same day with cells of the
same culture (O.D.500: 0.10).
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concentration). Since methionine starvation was not yet considered as a possible
influence in early experiments no effort was made to control for any possible
contributions made by starvation effects. However the fact that the reversal
frequencies in nitrogen were not significantly different at each concentration of
inhibitor suggests that methionine starvation is not responsible for the observed
effects on the smooth swimming response. Subsequent studies on methionine
starvation indicate that a marked decrease in the reversing response to oxygen
withdrawal is expected.
3.73. High Performance Liquid Chromatography of S-adenosylmethionine and
S-adenosylhomocysteine in Cell Extracts from Halobacterium halobium
Schimz and Hildebrand (1987) did not verify that in H. halobium,
homocysteine and ethionine cause a decrease in methylation or that these substances
lead to the formation of inactive analogs of S-adenosylmethionine (AdoMet).
To determine whether incubation of//, halobium with homocysteine and
ethionine results in increased concentrations of intracellular S-adenosylethionine
(AdoEth) and S-adenosylhomocysteine (AdoHcy) and decreased levels of AdoMet,
High Performance Liquid Chromatography (HPLC) separations were performed on
whole cell extracts of H. halobium that had been incubated with homocysteine or
ethionine.
AdoMet and AdoHcy peaks on HPLC chromatograms were identified by
spiking the cell extracts with commercially available purified AdoMet and AdoHcy.
No commercial source of AdoEth was found and no AdoEth peak was identified.
The size of the AdoMet peak in an HPLC chromatogram of the cell extract
prepared from H. halobium grown in peptone medium was compared with the size of
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an HPLC chromatogram peak representing a known quantity of commercial
AdoMet. By this means the amount of AdoMet in H. halobium was estimated to be
approximately 1.3 x 105 molecules per cell. This is comparable to the AdoMet levels
found in Salmonella typhimurium which has been variously estimated at
approximately 1.0 x 105 molecules / cell (100yuM, Borczuk et ai, 1987) and 4.0 x 105
molecules / cell (400 /iM, Shioi et al, 1982).
The chromatographic peak corresponding to AdoMet was absent in extracts
from cells that had been incubated for 30 minutes to an hour in defined medium
lacking methionine, even in the absence of homocysteine or ethionine (Figure 20).
This indicates that a short incubation in the absence of methionine is sufficient to
starve the cells for methionine and thereby S-adenosylmethionine, which requires
methionine for its synthesis.
The incubation of cells in the presence of defined medium containing
homocysteine but not methionine resulted in a small increase in AdoHcy and
AdoMet over incubation in defined medium alone, as determined from the size of
the HPLC peaks. In the presence of defined medium (lacking methionine)
incubation with 20 mM homocysteine resulted in a small increase in AdoHcy but a
large increase in AdoMet (The size of the AdoMet peak was comparable to that
observed in the extract from cells incubated with defined medium containing
methionine, Figure 21). This suggests that homocysteine is converted to methionine
which is then utilized as a substrate to synthesize S-adenosylmethionine.
Homocysteine is the immediate precursor for methionine synthesis in many bacteria
including

coli and S. typhimurium (Rowbury, 1983).
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Figure 20. High Performance Liquid Chromatography profile for Halobacterium
halobium cell extracts: Comparison of methionine-starved and nonstarved bacteria.
Arrowheads mark the S-adenosylmethionine (AdoMet) peak in each profile.
a) HPLC chromatogram of S-adenosylmethionine (AdoMet) standard and Sadenosylhomocysteine (AdoHcy) contaminant (smaller peak), b) HPLC
chromatogram of AdoHcy standard, c) & d) HPLC chromatogram of H. halobium
extract prepared from cells incubated for 1 hour in defined medium lacking
methionine. The H. halobium extract in c was spiked with the AdoMet standard [H.
halobium extract: AdoMet(l mg/ml) = 30:1] to allow identification of AdoMet and
AdoHcy peaks, e) & f) HPLC chromatogram of H. halobium extract prepared from
cells incubated for 1 hour in defined medium containing 2.5 mM methionine. The H.
halobium extract in f was spiked with the AdoMet standard to allow identification of
AdoMet and AdoHcy peaks.
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Figure 21. High Performance Liquid Chromatography (HPLC) profile for
Halobacterium halobium extracts from cells incubated in the presence and absence of
homocysteine and methionine. Large arrowheads identify S-adenosylmethionine
(AdoMet) peaks and small arrowheads identify S-adenosylhomocysteine (AdoHcy)
peaks in each profile.
a) HPLC chromatogram of S-adenosylmethionine (AdoMet) standard and Sadenosylhomocysteine (AdoHcy) contaminant (smaller peak), b) HPLC
chromatogram of AdoHcy standard, c) & d) HPLC chromatogram of H. halobium
extract prepared from cells incubated in defined medium containing 2.5 mM
methionine. The H. halobium extract in c was spiked with the AdoMet standard [H.
halobium extract: AdoMet(l mg/ml) = 30:1] to allow identification of AdoMet and
AdoHcy peaks, e) & f) HPLC chromatogram of i/. halobium extract prepared from
cells starved for methionine but supplemented with 20 mM homocysteine in defined
medium. The H. halobium extract in f was spiked with the AdoMet standard to allow
identification of AdoMet and AdoHcy peaks.
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Chromatograms of cell extracts prepared from H. halobium incubated in the
presence of ethionine showed no additional peak (compared to cells not exposed to
ethionine) which might correspond to AdoEth. It is quite possible that the HPLC
conditions utilized did not allow for optimum separation of AdoEth. Since there was
no way of identifying AdoEth (by spiking with pure AdoEth, for instance),
optimization of the HPLC conditions for identification of AdoEth was not
attempted. No detectable AdoMet or AdoEth peaks were observed in
chromatograms of extracts from cells which had been incubated with ethionine but
starved for methionine.
It is evident from the HPLC results that interpretation of the mechanism of
action of ethionine and homocysteine is not straightforward. Homocysteine probably
exerts an effect on H. halobium behavior primarily by increasing the level of AdoHcy
which competes with AdoMet for the methyltransferase. AdoHcy has been shown to
inhibit methylation of MCPs when added to permeabilized E. coli cells (Rollins and
Dahlquist, 1980). Homocysteine may also have an opposing effect in that it
increases AdoMet levels in methionine starved cells by providing a precursor for
methionine synthesis.
The mechanism of action of ethionine on behavior is likewise not without
ambiguity. Although ethionine seems to inhibit AdoMet requiring processes (see
section 3.7.1), L-ethionine was partially able to restore chemotaxis in methionine
starved Salmonella typhimurium (Aswad and Koshland, 1975a) This suggests a
mechanism for AdoEth involving mimicking AdoMet activity as well as inhibiting it.
After the discovery that H. halobium can be readily starved for methionine
and AdoMet, further examination of the role of methylation in aerotaxis in this
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laboratory was concentrated on studies utilizing methionine starvation. No further
experiments were performed with ethionine and homocysteine since methionine
starvation seemed a simple and direct way to examine the role of methylation in H.
halobium. In addition, use of ethionine was avoided because it can induce liver
carcinoma (Farber, 1963).
3.8. Methionine Starvation Effects
3.8.1. The Effect of Methionine Starvation on Aerotaxis
Halobacterium halobium for use in behavioral assays were grown in defined
medium and subcultured into fresh defined medium before being used for the
temporal assay. When the final culture grew to an O.D.600 of 0.06-0.09 (1-2 days
after innoculation), the culture was divided, the cells collected by centrifugation, and
half the cells were resuspended in defined medium containing (2.5 mM) methionine
while the other half were resuspended in defined medium lacking methionine. After
a one hour incubation the aerotaxis temporal assay was performed and the results
video recorded and analyzed.
Bacteria which had not been starved for methionine showed a dramatic
increase in reversal frequency during the anaerobic interval, whereas bacteria from
the same culture which had been starved for methionine showed little or no increase
in reversal frequency during the anaerobic interval (Figure 22). Whether methionine
starvation had an effect on the smooth swimming response to oxygen was not clear
since under the conditions of low baseline reversal frequency present in these
experiments smooth swimming is difficult to visualize (See also Section 3.5.2.).
The finding of essentially the same basal level of reversal frequency in
methionine starved and unstarved cells was surprising in light of the observation
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Figure 22. Comparison of the aerotaxis temporal assay of Halobacterium halobium
cells that were starved and unstarved for methionine. For each experiment (1-3) a
culture of bacteria (O.D^qo indicated above each plot) was divided in half and each
half was incubated in defined medium; one half with (2.5 mM) methionine (a), and
one half without (b). After incubation for one hour temporal assays were performed.
Arrows indicate addition and removal of 10% oxygen from ventilating nitrogen gas.
Reversal frequencies as calculated by computer assisted analysis are plotted for 15
second intervals. The average number of bacteria present in each interval is
indicated by the n number above each plot.
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made in other laboratories that methionine starvation produced smooth swimming
cells (Spudich and Stoeckenius, 1980; Spudich et al., 1988). The most likely
explanation is that in our laboratory starvation was not complete and sufficient
methionine remained to maintain the unstimulated reversal frequency. Spudich and
co-workers washed cells at least 5 times or more to obtain smooth swimming
behavior. Smooth swimming behavior was considered to be the endpoint of the
washing procedure and the evidence that methionine starvation had been achieved.
Synthetic D,L-leucine was used in the Spudich laboratory as a component of the
defined medium instead of commercial L-leucine which was found to contain
methionine as a contaminant ( J. L. Spudich, personal communication). In our
laboratory, L-leucine was used in the defined medium and cells were not washed
repeatedly (because of possible damage to flagella and motility); instead the
incubation time was relied on to allow cells to consume residual methionine.
There is evidence to suggest that the effect of methionine on aerotaxis is dose
dependent. Bacteria incubated for one hour with either 0 mM, 2.5 mM, or 20 mM
methionine in defined medium showed differences in their behavioral response to
oxygen. Since behavioral experiments were performed after a one hour incubation,
it is not known what the actual concentrations of methionine were at the time of the
temporal assays. Methionine utilization during the incubation period would have
reduced the concentrations of methionine present relative to the initial
concentrations. The bacteria incubated in the absence of methionine exhibited no
increase in reversal frequency during a 1 minute anaerobic interval, while the
removal of oxygen elicited a small increase in reversal frequency in cells incubated
with 2.5 mM methionine and a larger increase in reversal frequency in cells incubated
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with 20 mM methionine (Figure 23). Further experiments are required to determine
whether this trend is statistically significant.
Cumulative data from all the methionine starvation experiments suggests that
methionine, or some derivative of methionine such as S-adenosylmethionine, is
necessary for the normal aerotactic response ofH. halobium.
The possibility exists that methionine, or a derivative, is required for the
reversal process itself rather than for mediating a response to an attractant or
repellent stimulus. The observation that the spontaneous reversal frequency (during
the initial aerobic conditions) is the same in the starved and unstarved cells makes it
unlikely that a requirement of methionine for reversing per se is responsible for the
absence of a repellent response in the starved cells. However, the possibility remains
that the basal level of reversals is maintained under conditions of low levels of
methionine, but that any alterations from the basal level requires the presence of
methionine or a derivative thereof.
3.8.2. The Effect of Methionine Starvation an Oxygen Uptake
Oxygen uptake of H. halobium (S9P) in the presence and absence of
methionine was compared. Cells were subcultured twice in defined medium and the
culture divided, centrifuged, and then half the sample was resupended in defined
medium in the presence of (2.5 mM) methionine, and half in defined medium lacking
methionine. After incubation for 1 hour, the oxygen uptake of the two samples was
measured.
Oxygen uptake was decreased from 69.2 ±1.4 nmoles oxygen/min/mg protein
to 58.3 ± 0.9 nmoles oxygen/min/mg protein when cells were starved for methionine
(Figure 24). It is unlikely that this effect on respiration can account for the decreased
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Figure 23. Dose dependent methionine effect on the aerotaxis response. Bacteria
were incubated for one hour with 0 mM, 2.5 mM or 20 mM methionine in defined
medium and then placed in the aerotaxis temporal assay flow chamber. The
videotaped responses were analyzed to determine the reversal frequency for each 15
second interval within a 12 minute time period starting 1 minute after insertion of the
slide in the chamber. Oxygen was withdrawn from and added to the ventilating
nitrogen gas at the times indicated by the arrows. The average number of bacteria
present in each 15 second interval for a given experiment is indicated by the n value
above each plot. The O.D^qo ti16 culture used for these experiments was 0.08.

128

1
o

<D
(0
W)

0 mM METHIONINE n=25

1.0
0.8-

x:
(0
Cl

w
(0
(0

o
>

-oxygen

0.6-

+oxygen

0.40.2-

G>

0.0
2

0

2
o
o>
w

4
8
6
tlme(mlnutes)

1.0

I

0.80.6-

-oxygen

Q.

(0
(0
(0

o
>

12

1 0

12

1 0

12

2.5 mM METHIONINE n=15

£
(0

10

-i-oxygen

t

0.40.2-

0)

0.0
0

2

3
o

0)
(A

w

20 mM METHIONINE n=20

1.0
0.8-oxygen

JZ

re

0.6-

t

Q.
(0

re

4
8
6
time(minutes)

0.4-

+oxygen

(0
0)

>

0.2-

0)

0.0
0

2

4
6
8
time(minutes)

129

Figure 24. Inhibition of oxygen consumption in methionine starved cells. Data
shown is the average of three experiments. Oxygen consumption in cells starved for
methionine for one hour was compared to oxygen consumption in matched controls
(2.5 mM methionine). The optical density (600 nm) of the cultures from which the
cells were harvested on three different days was .18, .40 and .54. To facilitate
measurment of oxygen consumption, cells from cultures with low optical density were
concentrated.
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repellent response during the temporal aerotaxis assay. If methionine starvation
affected aerotaxis via respiration only, it seems more likely that starved cells would
show a slight decrease in response, rather than a virtual absence of a response to
changes in oxygen concentration.
3.83. The Effect of Methionine Starvation on Growth
To monitor methionine starvation in H. halobium the growth curves of
cultures grown in the presence and absence of methionine were compared.
H. halobium S9P was subcultured twice in defined medium. For the second
subculture equal sized innocula from the same starting culture were added to two
flasks, one containing defined medium including (2.5 mM) methionine, and one
lacking methionine. Optical density (600 nm) readings were taken on aliquots
withdrawn at approximately 24 hour intervals for approximately three weeks. The
results (Figure 25) indicated that complete methionine starvation was not achieved in
the first 100 hours of growth in defined medium although the rate of growth was
slower than for cells in methionine medium. Methionine starvation might have been
achieved earlier if D,L-leucine had been used instead of L-leucine to make the
defined medium; the L-leucine was probably contaminated with methionine (John
Spudich, personal communication).
3.9. Labeling Halobacterium halobium by Incubation with [ H] methionine
3.9.1. Autoflourography of Labeled Proteins from Cells Exposed to Oxygen and
Arginine
As a first step in determining which protein(s), if any, is methylated in
aerotaxis, H. halobium cells were incubated with [me//iy/3H]methionine in the
absence of protein synthesis and under aerobic or anaerobic conditions (see Section
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Figure 25. Growth curve for a culture of wild type Halobacterium halobium (S9P) in
the presence (open boxes) and absence (filled diamonds) of methionine.
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2.9.). The pattern of labeled proteins was compared for differences that might be
attributed to oxygen exposure.
Initial attempts at monitoring changes in labeling were unsuccesful as
insufficient label was incorporated to expose an autoflourogram. To determine why
more label was not incorporated the following variables were checked: 1) the strain
of cells used (Flxl5 and S9P), 2) the incubation medium (defined medium and basal
salts buffer) and 3) the growth phase of the cells. Flxl5 (previously labeled by
Spudich et al 1988) and S9P (used in this study) exhibited very similar if not identical
labeling patterns. The most significant factor proved to be that only cells incubated
in basal salts buffer incorporated sufficient label for detection by autoflourography.
Cells incubated in defined medium (containing cold methionine; with a hot
methionineicold methionine ratio of 1:4.4) did not appear to incorporate any
[rae//iy/3H]methionine as under these conditions autoflourograms were completely
blank.
In looking for changes in labeling patterns, particular attention was paid to
the 90-135kd region of the gels. Mutant analysis has shown that the bands in this
region are the ones missing in chemotaxis and phototaxis mutants (Alam et al, 1989)
and the large majority of the label in this region is volatile upon alkali treatment,
consistent with the radioactivity being in the form of methanol, created by the
hydrolysis of carboxyl methyl esters (Alam et al, 1989).
In the experiments performed in this laboratory, labeling with
[mer/iy/3H]methionine usually resulted in labeling of seven readily identifiable bands
in the 90-135 kd region. These were quantitated by performing a densitometric scan
of the autoflourogram (sample shown in Figure 26) using a Beckman DU-8
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Figure 26. Densitometric scan of a portion of an autoflourogram developed from a
gel containing pHJmethyl labeled proteins obtained from Halobacteriwn halobium.
A Beckman DU-8 spectrophotometer was used to perform the densitometric scan.
The particular profile shown in this figure is that of the lane corresponding to the 0
minutes nitrogen exposure of experiment A in Figure 27.
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spectrophotometer and subsequently cutting out and weighing the peaks from
enlarged xeroxed copies of the scan. The label incorporated in each of the bands was
expressed as a percentage of the combined label in the 7 bands of the region [(label
in band X / label in bands 1-7) x 100%]
In experiments (Figure 27) in which anaerobic exposure (bubbling with
nitrogen) was varied, no obvious correlation was observed between the distribution
of the label among the 7 bands in the 90-135kd range and the length of the anaerobic
exposure.
Although no consistent correlation was found between label distribution and
oxygen exposure other correlations were found. Several observations were made
which will need to be incorporated into models which attempt to explain tactic
behavior and sensory transduction in//, halobium. Re-examination of the data for
trends unrelated to oxygen was performed to see if other information might be
present. Interestingly cells from early log phase cultures (O.D-goo: 0.10) have a
different distribution of label than cells from late log phase cultures (O.D.600: 0.83).
In early log phase cultures a large proportion of the label of the 90-135kd bands is
found in the band of lowest apparent Mr in the 90-135kd region (band 7). By
contrast, in the late log phase cultures a smaller percentage of the total label is found
in band 7. This is especially important in view of the possible central role of band 7
(See discussion below).
For certain pairs of bands in the 90-135kd region a larger percentage of label
in one band of the pair was associated with a greater percentage of label in the other
band of the pair, for other pairs an inverse correlation was observed, and for the
majority of pairs no correlation was observed.

138

Figure 27. [3H]methyl incorporation into proteins from cultures exposed to
anaerobiosis of varying durations. Each lane of several gels was analyzed by
performing a densitometric scan of the autoflourogram and quantitating the areas
corresponding to the 7 prominent bands. Areas in peaks 1-7 were expressed as
(label in band X/label in bands 1-7) x 100%. Panel A shows the relative areas in each
of the seven bands in each of the 4 lanes of a gel. Panel B and C each compare the
data from 6 lanes each of 2 more gels (B and C). Bar heights indicate relative
incorporation of label in each band while the shading of the bars indicate the
experimental conditions the culture was exposed to.
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In all, there are 21 possible pairwise comparisons of the 7 bands examined
(Figure 28). A statistically significant correlation (p<.05) was found between 7 of the
21 possible paired combinations. It is interesting that of the four most significantly
correlated pairwise comparisons, three of them are negative correlations between
band 7 and another band (4,6, and 1). This observation could be consistent with a
model in which the methylation level of the protein of band 7 is influenced by the
methylation level of other proteins either because of a methyl donor-acceptor
relationship between band 7 protein and other proteins, or because the methylation
level of the other proteins causes a conformational change which alters the
methylation of band 7 protein. It is also of interest to note that band 7 appears to be
the same band which has been observed by Alam et al (1989) to show the greatest
changes in methylation in response to a variety of chemostimuli, including histidine,
leucine, peptone and phenol. The observed inverse correlation between band 7 label
and label in the other bands, in combination with the data from Alam et al. is
consistent with a model in which this band is either a receptor mediating a broad
range of stimuli or, as seems more likely, a protein which plays a role at a step in the
sensory transduction pathway downstream from the receptor and which may be
involved in the integration of stimuli from several receptors.
In Figure 27B, the amount of label in band 7 increases relative to the other
bands with increasing labeling times between .5hr and 2hr. In Figure 27C the
percent label in band 7 also increases with increased labeling time between 1 and
1.5hr. This could be explained by a model in which, for example, band 7 is a methyl
acceptor protein to which methyl groups are transferred from other bands. Cold
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Figure 28. Pairwise comparisons of [3H]methyl incorporation. For each
combination of band x (where x= 1-7) and band y (where y = 1-7) the relative amount
of label (percent of the total label in the 7 band region) incorporated in band y was
plotted as a function of the label in band x. A Statgraphics statistical analysis
program (version 3.0, copyright 1985-1988 STSC Inc., Statistical Graphics
Corporation) was used to perform linear regression analysis and determine the
corresponding correlation coefficients for each pair of bands. The results are given
in the Table. The plots of the 4 pairwise comparisons with the highest correlation
coeeficients are given to the right of the Table. X and Y axis are in units of (label in
band X)/(label in bands 1-7) x 100%, where x=the number of the band as indicated
by the legends beside the axis. The data analyzed in these pairwise comparisons is
the combined data of all the experiments shown in Fig 27.
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chase and time course studies are needed to test the hypothesis that band 7 accepts
methyl groups from other proteins.
To determine whether the labeling system was sensitive enough to detect
changes in labeling profiles associated with chemotaxis rather than aerotaxis, a
chemostimulus experiment was performed. Cells labeled with [me//ty/3H]methionine
and incubated in basal salts buffer were exposed to arginine (0.2 ml of 100 mM
arginine in basal salts buffer added to 1 ml of cells) for varying lengths of time (5, 10,
and 20 minutes) and the distribution of radioactivity compared with cells to which
basal salts buffer alone was added. Cellular proteins from cultures exposed to
arginine (especially the shorter exposures) appeared to incorporate much less label
(or lose more incorporated label) than proteins from control cultures (Figure 29B).
When labeling profiles were examined for changes in percent label in each of the 7
bands, the control and arginine exposed cells did not differ significantly (Figure 29A).
Subsequently Alam et al. (1989) published results showing definite changes in
labeling profiles of cells exposed to specific chemoattractants (histidine and leucine)
as well as the mixture of attractants in peptone (compared to buffer controls).
Investigations of methylation changes involved in chemoresponses to attractants
other than arginine was not attempted in this laboratory, the primary goal being the
investigation of methylation in aerotaxis.
The inability to detect consistent changes in [mer/zy/3H]labeled bands as a
response to oxygen stimuli does not rule out the possibility that methylation is
involved in aerotaxis. Small changes in methylation would not be picked up by this
method, either because the changes were too small in magnitude or too brief to be
detected.
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Figure 29. [3H]Methyl label incorporation into proteins from cultures 0,5,10 and 20
minutes after arginine addition. Each lane of a gel was analyzed by performing a
densitometric scan of the autoflourogram and the areas of each of the 7 prominent
peaks quantitated and expressed as a percent of the total in the 7 band group (panel
A) or as absolute areas (panel B). Panel A and B show the data obtained from 2 gels
of 6 lanes each. Bar heights indicate relative incorporation of label in each band
while the shading of the bars indicates the experimental conditions the culture was
exposed to. The peak in the densitometric scans corresponding to band 5 was too
small to quantitate accurately and was not included in this analysis.
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Phototactic stimuli do not produce consistent detectable changes in labeling
patterns even though other evidence indicates that methylation is involved in
phototaxis. Changes in protein methylation have been correlated with photostimuli
by means of a methylesterase assay (Alam et al, 1989), and a specific 94kd methyl
accepting band has been associated with phototaxis because it is missing in a
phototaxis mutant (Spudich et al, 1988), yet photostimuli cause no detectable
consistent changes in [mer/iy/3H]labeled bands of the 90-135kd region (Alam et al,
1989). Thus, the idea that methylation changes in response to aerotactic stimuli may
not be detectable by this method has plausibility.
3.9.2. Changes in [3H] Methanol Release in Response to Oxygen Stimuli
Since a methylation response to oxygen was not observed in the flourograms
an attempt was made to use the more sensitive methylesterase flow assay to address
the same question.
The flow assay procedure used was essentially that described by Kehry et al
(1984) as modified for Halobacterium halobium by Alam et al (1989) by using basal
salts buffer plus 0.1% arginine instead of the medium used by Kehry. Bacteria were
placed on a filter with basal salts buffer pumped over the cells continously and
collected in fractions to be analyzed for [3H]methanol content. [3H]Methanol
release by bacteria preincubated with [me//iy/3H]methionine was measured as an
indicator of the protein methylesterase activity.
In order to adapt the assay for studying changes in methyl ester hydrolysis in
response to oxygen stimuli, novel modifications were required. In our apparatus the
peristaltic pump which required oxygen-permeable silicone tubing was placed
downstream of the filter and upstream of the filter all the tubing was made of oxygen-
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impermeable butyl rubber. Instead of moving the inlet tubing from one buffer
reservoir to another, two reservoirs were connected by tubing to the filter and
switching from one reservoir to another was accomplished by a 3 way valve at a Y
junction. By switching between two reservoirs with buffer equilibrated with 100%
oxygen or 100% nitrogen it was possible to change the dissolved oxygen content of
the basal salts buffer flowing over the cells and to examine the changes in [3H]methyl
group release in response to oxygen stimuli as well as chemostimuli (see also section
2.10 and Figure 5).
Before counting the [3H]methanol in fractions obtained in a methylesterase
assay a preliminary experiment was performed. Measurements were made to
determine the time required at room temperature for methanol to transfer, from the
basal salts buffer in the Eppendorf tubes used for collecting fractions, to the
scintillation fluid in the surrounding scintillation vials in which fractions were
counted. Samples of [14C]methanol were added to scintillant (Universal Cocktail) or
basal salts buffer, and the changing concentration of [14C]methanol in the scintillant
was measured by counting the scintillation vials at regular intervals. Equilibrium was
reached after approximately 48 hours (Figure 30a,b) and this time span was fairly
constant over the [14C]methanol concentration range tested (600 cpm/vial and 2000
cpm/vial). A greater percent of the radioactivity was in the scintillant at equilibrium
after addition of the higher concentration of [14C]methanol; approximately 45% of
the radioactivity transferred to the scintillant when 2000cpm [14C]methanol was
added to the Eppendorf tube compared to 35% when 600cpm [14C]methanol was
added to the Eppendorf tube (Figure 30a,b). On the basis of these experiments the
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Figure 30. Distillation of [14C]methanol at room temperature from basal salts buffer
in an Eppendorf tube to Universal cocktail in scintilation vial and vice versa, a)
j4C]Methanol (2000 cpm) was added to the basal salts buffer or cocktail, b)
14C]Methanol (600 cpm) was added and c) [14C]Methanol (4000 cpm) was added to
he cocktail with and without the Eppendorf tube present.
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distillation time routinely used before counting the fractions obtained from an assay
was 48 hours.
There appeared to be a loss in counts over time which occured after
[14C]methanol addition to the scintillant. To determine if this loss was entirely due to
vapor phase transfer to the basal salts buffer (and not to evaporation from the vial
and into the atmosphere), control experiments were performed in which no basal
salts buffer was present. In these controls radioactivity did not decrease with
increased incubation time, suggesting that [14C]methanol did not escape from the
scintillation vials (Figure 30c).
In the methylesterase assays [3H]methanol released by bacteria on a filter was
measured in fractions collected from basal salts buffer that continously flowed over
the cells. For each methylesterase assay a sterile disposable filter was loaded with 2
ml of an//, halobium culture (O.D.500: 0.5-0.6) as described in section 2.10.
Oxygen stimuli were found to elicit transient changes in [3H]methanol release
(Figure 31). Oxygen addition resulted in a transient increase in methanol release. A
smaller increase was sometimes apparent after its removal. The magnitude of the
oxygen response, however, was fairly small. This is probably the reason for the
inability to detect oxygen associated changes in methylation levels of labeled proteins
on polyacrylamide gels. When the order of the oxygen stimuli was reversed (oxygen
removal preceding oxygen addition) the methanol release peaks were also reversed
as would be expected; a small peak followed by a large peak (Figure 31b).
To test whether changes in oxygen level were indeed the stimuli leading to the
changes in methyl group release (rather than any changes in pressure etc. which
might occur during the switching process), a control assay was performed in which
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Figure 31. [3H]Methanol release by Halobacterium halobiwn cells in the
methylesterase assay in response to changes in oxygen concentration. For each assay
2 ml of if. halobiwn at O.D^qo: 0.5-0.6 was loaded into the assay apparatus as
described in section 2.10. of the text. Fractions were collected for 1 minute intervals
(.42 ml/fraction). The gas content of the buffer flowing over the cells was changed at
times indicated by the arrows. In experiments a-d, two hundred and fifty microlitre
aliquots of each fraction were counted for [3H] radioactivity. In experiments e and f
three hundred and fifty microlitre aliquots of each fraction were counted. Counts
from the first four experiments were multiplied by 1.4 before plotting to give
comparable results to the last two experiments.
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the basal salts buffer solutions of both reservoirs were equilibrated with nitrogen.
Surprisingly, a small change in [3H]methanol release followed switching between
these similar reservoirs (Figure 31d,f).
The small peaks of methanol release in the nitrogen to nitrogen control assays
were presumed to occur because of oxygen leaks into the system due to imperfect
seals at joints in the apparatus. To test this hypothesis and to try to eliminate the
residual noise in the apparatus, the construction of the apparatus was altered (Figure
32). Metal to metal joints were replaced by metal to rubber joints wherever possible,
an unnecessary switch was eliminated, and the remaining metal to metal junctions
were sealed with nail polish which served the dual purpose of glueing the joints
together and forming a barrier to oxygen leaks. The junction of rubber tubing to the
needlestock outlet from the reservoirs was also sealed with nail polish.
As expected, assays performed with the modified apparatus showed a greater
difference between oxygen assays and nitrogen controls (Fig 33a-d) than was seen in
the unmodified apparatus. During one of the nitrogen control assays with the
modified apparatus (Fig 33e) the toggle controlling flow direction from the syringe
port was observed to leak basal salts buffer from the switch point. The results of this
assay showed a fairly large peak of "noise" to be present. When this leaky switch unit
was replaced with a new one the peak dissapeared in the subsequent nitrogen control
assay (Fig 33d, NOTE: nitrogen control b was performed before the leak of e, and
nitrogen control d was performed after the leaky valve was replaced).
The results of these assays are consistent with the hypothesis that small peaks
of methanol release in the control assays are due to leaks of oxygen into the system.

154

Figure 32. Detail of the buffer reservoir and switching components of the
methylesterase assay apparatus that were modified to reduce oxygen leakage.
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Figure 33. [3H]Methanol release by Halobacterium halobium cells in the modified
methylesterase assay in response to changes in oxygen concentrations. The
experimental conditions were similar to those described in Figure 31. The gas
content of the buffer flowing over the cells was changed at times indicated by the
arrows. During the assay shown as e, basal salts buffer leaked from one of the valves.
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These assays also confirm that the larger peaks seen in response to oxygen are not
artifacts.
To ascertain that our apparatus was comparable to that used by Alam and co
workers (1989), chemostimulus-induced changes in the rate of [3H]methyl group
release in response to peptone stimuli were measured. When one reservoir was
filled with basal salts buffer alone, and the other reservoir was filled with basal salts
buffer with peptone added (1 g/100 ml), we obtained essentially the same response
(Figure 34a) seen by Alam et al, 1989.
To test the hypothesis that the oxygen associated change in methyl group
release was due to a change in the activity of the methylesterase enzyme, a control
assay was performed using the Pho72 strain which appears to be a methyltransferase
mutant (see section 1.5.) and lacks normal aerotaxis (see section 3.6.1.). As expected
Pho72 did not exhibit changes in [3H]methanol release in response to changing
oxygen levels (Figure 34d)
Pho72 also failed to exhibit changes in [3H]methanol release in response to
the peptone stimulus (Fig 34b) (see also Sundberg et al, 1990). The results with the
Pho72 mutant are consistent with the methanol release observed in these assays
being attributable to the activity of the methylesterase enzyme.
A flow assay of the response to oxygen by the mutant Pho81 (bR_hR"sRr
sRIT) gave a peak in methanol release following both oxygen addition and removal
(Figure 34e). The peaks were considerably smaller than seen with the wild type
strain S9P. Peaks in the Pho81 methylesterase assays in response to peptone also
appeared smaller than in S9P (Alam et al, 1989). It appears therefore that the small
response to oxygen in Pho81 may reflect global changes in methylesterase activity in
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Figure 34. [3H]Methanol release by Halobacterium halobium cells in response to
changes in oxygen or peptone concentrations. Experimental conditions were similar
to those described in Figure 31. S9P = wild type; Pho72 = methyltransferase
mutant; Pho81 = mutant defective for bacteriorhodopsin, halorhodopsin and sensory
rhodopsins I and II.
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this strain rather than specific alterations in response to oxygen. The fact that Pho81
shows an increase in methanol release following oxygen addition indicates that
functional bR, hR, sRI and sRII (all missing in this strain) are not required for the
altered methylesterase activity in response to oxygen. Behavioral assays also showed
that these proteins are not required for the behavioral response (see section 3.6.2.)

4. Discussion

This study has shown changes in methanol release by Halobacterium halobium
in response to oxygen. That these changes are due to release of methyl groups from
proteins has been shown by noting their absence in a protein methyl transferase
mutant. The importance of the observed changes in methylation/demethylation to
the sensory transduction process and behavioral response has also been shown;
altered oxygen responses occur when methylation is inhibited, and the duration of
the methanol release and the behavioral response are similar. This is the first study
to find a correlation between bacterial oxygen sensing and protein methylation.
A decreased aerotactic response has been observed in this study in the
presence of active bacteriorhodopsin and halorhodopsin in Halobacterium halobium.
This is consistent with a model in which respiration induced changes in the proton
motive force are part of the sensory transduction pathway for aerotaxis.
4.1. The Role of Methylation in Aerotaxis
The involvement of methylation in the chemosensory response of bacteria to
a wide spectrum of chemoattractants has been clearly established by studies in many
laboratories (for reviews see Adler, 1987; Berg, 1988; Hazelbauer, 1988; Koshland,
1988; Koshland et al, 1988; Taylor and Lengeler, 1990). Initially it was assumed that
adaptation to all attractants would involve methylation of receptor proteins. Niwano
and Taylor (1982) showed that in S. typhimurium and E. coli the response to oxygen
and to substrates of the phosphotransferase system was methylation independent.
Laszlo and Taylor (1981) and Shioi and Taylor (1984) also showed that aerotaxis in
E. coli and S. typhimurium was mediated by the proton motive force. Studies have
shown that aerotaxis in several other organisms is also mediated by the proton
motive force (eg. Bacillus cereus, Laszlo et al, 1984b; Rhodopseudomonas sphaeroides,
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Armitage et al, 1985; Spirochaeta aurantia, Eric A. Goulbourne, Jr., personal
communication). However, little has been done to investigate whether the
methylation independence of the response to oxygen is unique to E. coli and S.
typhimurium or a universal feature of the oxygen response of all bacteria.
It has been shown that chemotaxis to PTS sugars in at least one species of
bacterium may differ from E. coli and S. typhimurium. Bacillus subtilis has a PTS
transport system (Reizer et al, 1988) and taxis in this system appears to involve
methylation. Ullah and Ordal (1981) found that a mutant strain oi Bacillus subtilis
that is unable to methylate MCPs showed only 0.6% normal chemotaxis to mannitol
as measured in capillary assays (in spite of a normal unstimulated tumbling
frequency). Thoelke et al (1990) showed that glucose (transported by the PTS
system in B. subtilis) and the nonmetabolizable 2-deoxyglucose caused a turnover of
methylgroups on the methyl-accepting chemotaxis proteins as observed in
flourograms. Addition of these sugars also caused methanol formation as measured
by a flow assay.
There has also been at least one proposal in the chemotaxis literature
suggesting that methylation independent oxygen sensing may not be universal. In a
paper on chemotaxis in Bacillus subtilis, Goldman et al (1982) reported finding
increases in the rate of methanol production correlated with the addition of
chemoattractants such as aspartate and histidine. Methanol production in this study
was measured as an indicator of demethylation of methylaccepting chemotaxis
proteins (MCPs). Interestingly, a slight increase in the rate of methanol production
by the control (buffer addition) was observed and was postulated to represent an
oxygen effect. No attempt to test this hypothesis has been published. Alternative
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explanations could include a dilution caused decrease in concentration of some
repellent synthesized by the bacteria, or the addition with the buffer of higher
concentrations of some attractant besides oxygen which is consumed by the bacteria,
or even some thermotactic or osmotactic effect. A small but consistent increase in
MCP labeling has been observed in Escherichia coli in response to buffer addition
and was likewise hypothesized to be an aeration effect (Rollins and Dahlquist, 1980).
Other lines of evidence have subsequently indicated that aerotaxis is methylation
independent in this organism (Niwano and Taylor, 1982; Dang et al, 1986).
This study was an attempt to investigate the role of methylation in
Halobacterium halobium aerotaxis in order to determine how conserved the aerotaxis
mechanism is. As an archaebacterium, H. halobium provided an interesting test case
since it would indicate whether conservation occured not only across species
boundaries, but also across kingdom boundaries (Eisenberg, 1988).
Depletion of the methyl donor S-adenosylmethionine (Adomet) was
accomplished by starving H. halobium for methionine. Adomet depletion was
confirmed by high performance liquid chromatographic analysis. In Adomet
depleted cells the reversal response to oxygen withdrawal by H. halobium was
abolished. The finding of a complete absence of a reversal response in methionine
starved cells as opposed to observing a reversal response to oxygen withdrawal
without a subsequent return to baseline may be due to a requirement for methylation
in excitation in addition to, or instead of, adaptation. It is possible that in H.
halobium methylation plays a more complex role than in S. typhimurium and E. coli.
Thoelke et al (1990) have previously suggested that in Bacillus subtilis, methyl
transfers are involved in both excitation and adaptation.
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While methionine depletion apparently abolished aerotaxis, the effect could
be due to a generalized inability to alter reversal frequency under these conditions
rather than being an effect on aerotaxis per se. The effect of starvation was only
evident on the reversal response to withdrawal of oxygen. A smooth swimming
response was not always clearly evident even in the control (unstarved) cells so that
its absence in starved cells was not a significant finding. Further investigations on
methionine starvation would be helpful to clarify the effects on behavior. If possible
methionine starvation experiments should be performed on cultures exhibiting high
spontaneous reversal frequencies in order to have a greater chance of assessing an
effect on the smooth swimming respone. Time course studies (similar to those of
Niwano and Taylor, 1982) would also be useful to determine how the extent of
methionine starvation is correlated with the behavioral effects.
The incubation of H. halobium with ethionine and homocysteine also altered
the aerotactic response. These substances are thought to serve as substrates for the
formation of inactive analogs of the methyl donor S-adenosylmethionine. These
inhibitors have previously been shown, in other laboratories, to alter the chemotactic
and phototactic responses oiH. halobium (Schimz and Hildebrand, 1979,1987).
Both ethionine and homocysteine were found in this laboratory to also alter the
aerotactic response oiH. halobium, consistent with the hypothesis that methylation is
involved in the aerotaxis of this organism, however the molecular basis of the effect
of ethionine and homocysteine is still open to interpretation. Results obtained in this
laboratory and elsewhere suggest that multiple effects may be present. Incubation
with homocysteine appeared to increase AdoMet as well as AdoHcy levels as
measured by HPLC. AdoEth levels could not be measured by HPLC but
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experiments done elsewhere have shown that ethionine can partially restore
chemotaxis in methionine starved cells (Aswad and Koshland, 1975a). This finding is
not consistent with an exclusively inhibitory effect of ethionine on methylation.
Ethionine and homocysteine appeared to affect primarily the magnitude of
the difference in reversal frequency in response to oxygen relative to the
unstimulated rate rather than the duration of the altered reversal frequency. Since
changes in the magnitude of the response can be most readily modeled by a role for
methylation in the signaling process while changes in duration of the response appear
to imply a role in adaptation, these studies need to be evaluated carefully and
extended in the future. In particular, future experiments should evaluate the
behavior at a greater time resolution to determine if response times are actually
altered and should be repeated several times at various concentrations of inhibitors
to establish the statistical significance and dose dependence of the effect.
Precautions should be observed when using ethionine as an inhibitor as it is a known
carcinogen.
The finding that transient changes in methanol evolution occur following
oxygen addition and withdrawal strongly indicates that methylation/demethylation is
part of the aerotaxis pathway in H. halobium. The duration of the altered methanol
production in response to oxygen addition is similar to the duration of the behavioral
(smooth swimming) response. The methanol production peaks following oxygen
addition usually spanned 3 minutes while smooth swimming response times were
approximately 1 minute. The apparent longer duration of the methanol response
compared to the behavioral response could be due to several factors other than an
actual difference in response time. Oxygen addition in the flow assay for
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methylesterase activity is gradual rather than discrete due to mixing in the apparatus
and the methanol released by the bacteria also undergoes mixing in the apparatus.
These factors could broaden the demethylation peak so that it artifactually appeared
to last longer than the behavioral response. Given the technical limitations of the
assays, behavioral response times are not inconsistent with the hypothesis that
methylation is part of the sensory transduction process of//, halobium.
If Pho72 is a methyltransferase mutant as has been proposed (Spudich et al,
1988; Sundberg et al, 1990) the absence of a methanol-release response to oxygen
and peptone in Pho72 demonstrates that methanol is apparently being released by
hydrolysis of y -glutamyl protein methyl esters.
The ability of the Pho81 mutant to show alterations in methanol release in
response to oxygen stimuli shows that bacteriorhodopsin, halorhodopsin and the
sensory rhodopsins are not required for the oxygen-dependent alterations in
methanol release.
It would be interesting in the future to measure methanol release in response
to alterations in oxygen level in other partially characterized mutants. For example,
mutants are available that appear to correspond to defects in intracellular signaling
downstream from the methylated chemotaxis proteins (receptors) (Sundberg et al,
1990). These mutants are nonchemotactic and smooth swimming in spite of showing
normal changes in methanol release in response to chemo- and photo-stimuli. It
would be interesting to see if these mutants also exhibit normal methanol release to
oxygen stimuli. The experiments performed in this study have already shown these
type of mutants to be defective in aerotaxis in both the spatial and bubble assays
(Section 3.6.1.). However, until the available mutants are characterized as to the
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molecular defects involved, and until the pathway of signal transduction in H.
halobium is deciphered, experiments in these mutants will only give a rough idea of
how much of the aerotaxis pathway is shared with the chemotaxis and phototaxis
pathways.
4.2. The Role of the Proton Motive Force in Aerotaxis
Bacteriorhodopsin (bR) and halorhodopsin (hR) are light energy harvesting
pigments which can alter the proton motive force. If oxygen sensing occurs via
respiration induced changes in proton motive force, light might be expected to be a
competitive inhibitor of aerotaxis. This hypothesis was given credence by Bibikov
and Skulachev (1989) who observed band formation in a spatial assay to be faster
and more distinct in bRTiR" mutants than in bR+hR+ wild type cells.
In this study the greater aerotactic response in bR'hR" strains than in
bR+hR+ strains was confirmed. In addition it was shown that the difference
between the two strains was greatest in the stationary phase when bR is the most
abundant. Differences in respiration between the mutant and wild type strains were
also demonstrated. While the bR’hR" mutant did have a 1.4-1.6 fold greater oxygen
consumption rate than bR+hR+ strains in exponential growth phase, oxygen
consumption was virtually the same in stationary phase. Thus differences in
aerotaxis cannot be attributed solely to differences in respiration rates. The finding
of the clearest difference in aerotaxis between bR'hR' and bR+hR+ strains in
stationary phase, when bR content is at a peak, supports the hypothesis of Bibikov
and Skulachev. High pmf levels generated by light harvesting pigments appear to
interfere with the ability of bacterial cells to detect respiration induced pmf changes
as part of the aerotaxis sensory transduction process. Further studies could be done
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by performing aerotaxis assays with bR+hR+ and bR'hR' strains in the temporal
assay. Comparison of mutant and wild type aerotaxis behavior under these
conditions would allow evaluation of the differences in behavior in more detail than
is possible with the bubble assay.
A second line of evidence was also consistent with an effect of bR and hR on
aerotaxis via the pmf. Aerotaxis of bR+hR+ strains was found to be more
pronounced in the dark (where bR and hR are inactive) than in the light, as
measured in bubble assays. For undetermined reasons the opposite effect was seen
in bR’hR" strains.
The coincidence of a peak in respiration at the same growth phase as the
peak in (temporal assay) aerotaxis response could be readily explained by a
requirement for respiration-generated pmf changes to mediate the behavioral
response to oxygen. An alternative hypothesis would be that coordinate control of
respiration and aerotaxis is present, ensuring that maximum oxygen sensing
capabilities are present when maximum oxygen utilization is possible.
The apparent role of the proton motive force in aerotaxis of H. halobium is
somewhat surprising. Light utilization by bR and hR generates proton motive force
changes, yet these are not required for phototaxis since phototaxis occurs in bR'hR'
mutants. In these mutants changes in proton motive force do not occur in response
to light yet phototaxis is present, mediated by the sensory rhodopsins. Some signal
mediated by the sensory rhodopsins (perhaps a conformational change) is required
for the phototactic response. Far from feeding information into a common pmf
pathway the two phototactic sensors sRI and sRII appear to pass signals to separate
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transducer molecules. Thus proton motive force does not appear to be required as a
component of the phototaxis pathway.
Since light-generated changes in pmf occur but are not required for
phototaxis, it seems puzzling that respiration induced pmf changes should be
required for aerotaxis. Questions that warrant addressing include: Does H. halobium
discriminated between light utilization generated pmf changes which do not require a
behavioral response and oxygen utilization related pmf changes which do require a
behavioral response? Does light generate a behavioral response through both a pmf
mediated pathway and a sR mediated pathway? If so, is the pmf effect on phototaxis
functionally significant or merely a side effect with no adaptational purpose?
Interestingly, Baryshev et al (1981) proposed that pmf sensing was part of phototaxis
in H. halobium. Baryshev and co-workers found that blocking respiration increased
phototaxis sensitivity and proposed that this was due to the greater magnitude of
illumination produced pmf changes measured in the absence of oxidative
phosphorylation. They suggested that overall phototaxis could result from the
mutual action of a protometer and a truly specific "bacteriorhodopsin" light receptor
(This suggestion was made before the roles of sRI and sRII were known).
43. Suggestions for Further Studies
Several experiments that could yield additional information about the
aerotactic response mechanism have been mentioned above. Methionine starvation
time course studies similar to those of Niwano and Taylor (1982) could be used to
determine the correlation of the extent of methionine starvation and AdoMet
depletion with behavioral effects. Repeating the methionine starvation experiments
with cultures exhibiting high spontaneous reversal frequencies might make it possible
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to determine the effect on the smooth swimming response as well as the reversal
response. Aerotaxis in bR’hR' mutants and bR+hR+ wild type strains in the
temporal assay could be used to extend the work done previously with spatial assays.
The partially characterized mutants described by Sundberg et al., (1990) could be
characterized by the methylesterase assay for oxygen. This would provide clues
regarding the extent to which the chemotaxis and phototaxis pathway components
are shared by the aerotaxis pathway.
Additionally, it would be interesting to purify and sequence the 7 methylaccepting chemotaxis proteins identified in the autoflourograms and compare the
sequences to known chemotaxis proteins. A cold chase experiment could be used to
determine whether methyl groups are chased off of the proteins identified as band
numbers 1-6 in this study and onto the band number 7 protein. The methylesterase
oxygen assay could be used to examine species of bacteria other than H. halobium for
methylesterase activity in response to oxygen. Bacillus subtilis would be a logical first
candidate to investigate since it appears to be most similar to H. halobium in its
mechanism of chemotaxis.
4.4. General Observations
Significantly more is now known about H. halobium aerotaxis than was known
prior to this study. It has been shown that methylation is part of the sensory pathway.
Data has been obtained consistent with a role for the proton motive force in the
sensory transduction pathway but conclusive evidence is lacking. Much remains to be
investigated. What protein is methylated in response to oxygen? Is methylation
involved in excitation, or adaptation, or both? How is the proton motive force
sensed, i.e. what is the sensor?
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When the role of methylation in aerotaxis and chemotaxis of H. halobium and
B. subtilis is deciphered to the extent that it has been for S. typhimurium and E. coli
an interesting picture will emerge. By studying the role of methylation in such
diverse organisms a greater understanding will be achieved of the different levels of
control and processing possible by a simple protein modification.

5. APPENDIX
Motion Analysis Program
The images of swimming bacteria were digitized by a VP 110 Video Processor
(Motion Analysis). The video image contains gray levels ranging from white to black
and the processor simplifies the image by utilizing a ‘threshold detector’ which
reduces the image to only two gray levels; any gray scale value above the threshold is
registered as ‘white’, any gray scale value below the threshold is registered as ‘black’
(see Figure 35). Transitions from white to black and vice versa define edges of
objects. Provided the video image has good contrast between bacteria and
background, one can set the threshold detector such that the edges of each bacteria
can be determined by the processor and their location in terms of x y coordinates on
the screen can be expressed in units of ‘picture elements’ or ‘pixels’ which are sent to
the host computer. The processor was set to deliver 15 frames of processed video
image to the computer for every second of data captured on videotape.
The program used for data analysis was written utilizing appropriate sequences of
commands as described in the Expert Vision reference manual with the goal of
obtaining the following outputs:
1) A visual tracing of the path of each bacteria.
2) A calculation of the average swimming speed of each bacteria.
3) A record of the duration of the path of each bacteria.
4) A record of the number of reversals made by each bacteria.
These outputs were then utilized to determine a reversal frequency for each
time interval for which data was collected during an experiment.
The program was developed by studying available user programs, creating new
sequences of commands for unique features needed, and optimizing numerical
parameters by systematically varying the values and empirically determining which
values gave the best output.
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Figure 35. Processing of the video image for data analysis.
a. Cartoon of an enlarged portion of an actual video image showing a single
bacterium (white squares) and also some light scattering particles (dotted squares)
against a black background. An actual video image would have more than the three
"gray levels" illustrated.
b. Processed image showing where the edges between white and black are detected
by the processor when the threshold is set as indicated. This is a less than optimal
setting since the processor "sees" considerable image "noise" in addition to the object
of interest (the bacterium).
c. Processed image showing where the edges between white and black are detected
by the processor when the threshold is set at a different level, as indicated. This is
the optimal setting for these conditions since the background noise is lost but the
image of interest is retained.
(NOTE: The image processor used allowed detection of four edges:
1) horizontal black-white transition
2) horizontal white-black transition
3) vertical black-white transition
4) vertical white-black transition
To minimize the time required for image analysis only 2 edge detectors were used for
data processing: one vertical and one horizontal.
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The program developed and used to analyze the data is as follows:
1 crt/cl
2 cent/nd/fs/go testl.vid 2 2 3
3 dele testl.vid
4 path/nd/go .cen 10 75 0 5
5 dele testl.cen
6 ngdr .pat
7 sum/fo/go .ngd
8 mult/co .ngd .dum 0
9 add/le .dum .sum .dum
10 subt/co .dum .dum 41
11 sele .pat .dum .mps
12 smoo/go .mps .smo 5
13 smoo/go .smo .smo 5
14 smoo/go .smo .smo 5
15 smoo/go .smo .smo 5
16 smoo/go .smo .smo 5
17 smoo/go .smo .smo 5
18 smoo/go .smo .smo 5
19 smoo/go .smo .smo 5
20 smoo/go .smo .smo 5
21 rena .smo .sme
22 rcdi/go .sme .src 15
23 squa .src
24 smoo/go .sqa .src 3
25 smoo/go .src .src 3
26 smoo/go .src .src 3
27 speed/go .sme .ssp
28 Imax .src .Ima
29 idel .src 200000 1000000
30 mult .Ima .idl
31 idel .ssp 0 3.0
32 mult .mul .idl
33 sum/fo .mul .rev
34 stat .ssp .sss
35 extr/mn .sss .asp
36 extr/ss .sss .ess
37 crt/cl
Explanations of the individual steps defining what each accomplishes are given
below:
1 crt/cl
Clears the screen.
2 cent/nd/fs/go testl.vid 2 2 3
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A centroid is calculated for each group of pixels present in each frame of video data
sent from the processor and collected in a .vid file (see Figure 36). Any pixel which
lies within 2 pixels horizontally or 2 pixels vertically from an other will be considered
to belong to the same object. There must be at least 3 pixels in a group before a
centroid is calculated.
The numeric arguments 2 2 3 are optimal for the size of the bacteria on the video tape.
If one were working at a different magnification they would have to be adjusted. The
numeric arguments selected were chosen because they yielded one centroid for each
bacteria visually identified in a frame of a .vid file.
3 dele testl.vid
Deletes the .vid file
Once the centroid file has been made the .vid file is no longer needed and is
immediately erased to make room for new files which will be created by the rest of the
program.
4 path/nd/go .cen 10 75 0 5
Paths are built for each moving object (see Figure 36). A centroid in frame X +1
which is located within a 10 pixel square area (a ‘mask’) centered on a centroid in
frame X is considered to be the same object. The object must be present for at least
75 frames (5 seconds) for the path to be retained. The object must move a minimum
average of 0 pixels per frame or it will be rejected for path creation. If the object is
missing (eg. the bacteria goes out of focus) the computer will search upto 5 frames
ahead for it to reappear before ending the path.

178

Figure 36. The video image at various stages of information processing. Raw data
collected by the video processor set to detect two edges is contained in the demo2.vid
file of which a sample frame is given. For each object in each frame of the demo2.vid
file the computer calculates a centroid to represent the position of that object. A
single frame of demo2.cen showing calculated centroids derived from the
corresponding frame of the demo2.vid file is shown. When all 225 frames of data
from the demo2.cen file are superimposed on each other the movement of the
objects in space and time becomes apparent. A plot of the demo2.pat file shows the
paths of moving objects as determined by computer analysis of the data in
demo2.cen.
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The numeric arguments 10 75 0 5, were chosen after varying each parameter while
holding the others constant and choosing the numbers which created paths which were
most consistent with what appeared to be happening visually.
5 dele testl.cen
Deletes the .cen file.
6 ngdr .pat
Calculates the net-togross-displacement ratio for each path in the .pat file.
7 sum/fo/go .ngd
Sums the net-to-gross-displacement ratios for the entire duration of each path.
8 mult/co .ngd .dum 0
Creates a dummy file of zeroes corresponding to every number in the .ngd file.
9 add/le .dum .sum .dum
Creates a file in which only the final summed-net-to-gross-displacement value for
each path is retained.
10 subt/co .dum .dum 41
Compares the final summed net-to-gross-displacement of each path to a selected
constant, 41.
11 sele .pat .dum .mps
Deletes all paths whose summed net-to-gross-displacement values are less than or
equal to 41.
STEPS 6-11 are a subroutine which is used to delete paths of bacteria which are not
moving significantly (see Figure 37). Bacteria which are stuck to the slide and not
moving, or which are tethered and moving in tight circles, are rejected. If these paths were
not deleted valuable computer time would be wasted in unnecessarily crunching data.
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Figure 37. Deletion of data collected on non-motile bacteria stuck to the microscope
slide. The plot of demoS.pat shows the calculated paths for 75 moving objects as
determined by the computer. Visual inspection shows that several of the objects do
not appear to move a great distance. Their apparent movement as detected by the
computer is frequently due to rotation or to "wriggling" around the spot at which they
are stuck on a slide. The plot of demoS.sme shows only those objects whose
movement is due to significant firee swimming motion. A subroutine using the net-togross displacement function has been used to delete the undesired "stuck'^objects
while retaining 26 freely moving objects.
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In addition, manual editing of the data would be greatly increased since the jerky and
eratic movements of these bacteria are erroneously labeled as reversals by later portions
of this program and contribute greatly to the ‘noise’ in the data unless they are edited out.
The value 41 was chosen by calculating the net-to-gross-displacement of a number of
paths in a test file and selecting a threshold number which would minimize loss ofgood
paths and maximize deletion of bad paths as determined by visual inspection of the path

files.
12 smoo/go .mps .smo 5
13-20 smoo/go .smo .smo 5
Smoothes out local irregularities in path and time series data by replacing each data
element with a weighted average of itself (1) and its immediate (4) neighbours
(1+4=5), (see Figure 38).
It is necessary to smooth the paths so that little wobbles during swimming will not be
seen as reversals.
21 rena .smo .sme
Renames the output file.
22 rcdi/go .sme .src 15
Computes (translational) rates of change of direction for path data based on a
frame rate of 15 frames per second.
23 squa .src
Squares the rate of change of direction data.
This has the net result of disproportionally magnifying the higher values of rate of
change of direction.
24 smoo/go .sqa .src 3
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Figure 38. Smoothing of raw data defining the path of a bacterium. The plot of
demo4.pat shows what a typical path looks like if it is not smoothed. Countless small
irregularities in the path data would result in a large number of spurious reversals
being detected if the path data were not processed by smoothing. The plot of
demo4.sme demonstrates the appearance of a smoothed path: only significant
changes in direction are retained.
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25,26 smoo/go .src .src 3
Smoothes out local irregularities in a data series by replacing each data element
with a weighted average of itself (1) and its immediate neighbours (2) (1+2=3).
27 speed/go .sme .ssp
Calculates the speed of each path between each 2 frames of that path.
28 Imax .src .Ima
Finds peak values of rates of change of direction.
29 idel .src 200000 1000000
Determines which squared peak rate of directional change values lie within the
range of 200000 1000000.
30 mult .Ima .idl
Selects the local maxima which meet the criteria of step 29.
31 idel .ssp 0 3.0
Selects the values of speed which lie between 0 and 3.0 pixels per second.
32 mult .mul .idl
Selects those points in each path which simultaneously meet the criteria of low
speed (0-3.0 pixels/sec) and high rate of change of direction (.src >200000 and
< 1000000). When these two sets of criteria are both met at a single point in time, it
is highly correlated with the occurence of a reversal (see Figure 39).
The numerical values used as cutoffpoints were chosen to maximize the correlation of
computer determined reversals with visually determined reversals.
33 sum/fo .mul .rev
Calculates the running total number of reversals occuring in each path in a file.
34 stat .ssp .sss
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Figure 39. Computer determination of bacterial reversals. The plot of demo5.sme
shows the path of a bacteria which visual inspection reveals to have made 3-4
reversals during the time of observation. The plot of demo5.src shows the computer
generated plot of the smoothed rate-of-change-of-direction (y axis) versus time (x
axis) data calculated for this bacterium. The plot demo5.ssp shows the computer
calculated smoothed speed of the bacterium (y axis) versus time (x axis). Plot
demo5.mul shows the location in time of the three reversals (x axis = time) detected
for this path, a reversal being identified as a point in time where a peak in the
smoothed rate-of-change-of-direction above a certain threshold coincides with a
valley in the smoothed speed below a certain threshold.

188

demoS.sme

demoS.src

demoS.ssp

demoS.mul

189

Performs statistical operations on speed data.
35 extr/mn .sss .asp
Calculates the average speed of each path in a file.
36 extr/ss .sss .ess
Determines the number of frames during which the bacteria of each path was
present.
37 crt/cl
Clears the screen.
The final step of data processing was done by hand using printouts of the data in
the files with the file extensions: .sme, .rev, and .ess.
For each path in a file, the number of reversals present in that path (data obtained
from the printout in response to the command nlist/lp/le xxxx.rev", where xxxx
represents the file name) was multiplied by 75 and then divided by the number of
frames that the path was present (data obtained from the printout in response to the
command "list/lp xxxx.ess). This process results in the calculation of a reversal
frequency for that path in the units of reversals path"^ Ssecond-interval"^, based on
the following equation:
Z reversals^Qbsej-ved)

X reversals(caicuiated)

Y frames(observed)

75 frames (=5sec)

which can be rewritten as:
X reversals

_

(Z reversals)(75 frames)
(Y frames)
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Occasionally an extremely high reversal frequency was obtained for a path. These
high reversal frequencies were invariably not supported by the data in the .sme file
(for example, a path which visually appeared to have only 1 reversal would be listed
as having 12 reversals in the .rev file). It was found that any reversal frequency
greater than or equal to 2.00 was invariably an error, and paths exhibiting such
reversal frequencies were therefore not included in the data analysis.
Some erroneously high reversal frequencies were usually obtained from paths
which could be identified as problem paths by plotting out of the .sme file. Any path
which was visually observed to consist of an extended interval of free swimming
behavior, in addition to an interval of being stuck in place, usually generated false
reversals, but escaped deletion by the net-to-gross-displacement criteria.
In order to delete such paths, the number of reversals listed by the computer for
each path was checked against the number of reversals that appeared to be present
in that path by visual inspection of the .sme file. If the difference between the visual
estimate and the computer estimate of the number of reversals in a path was greater
than 1 (in paths with 2-5 reversals) or 2 (in paths with more than 5 reversals) the path
was deleted from further analysis.
The data from the remaining paths of each file was then averaged to obtain an
average reversal frequency for each file representing a 15 or 30 second interval.
When data on the average speed of cells within one file was desired, only the
paths remaining after editing (i.e. deletion of the erroneously high reversal frequency
paths), were used to calculate the average speed of cells during the interval
represented by that file. (A printout of the average speed of each path in a file was
obtained by the command: "list/lp xxxx.asp).

6. List of References
Adler, J. (1966) Chemotaxis in bacteria. Science 153 (3733), 708-716.
Adler, J. (1987) How motile bacteria are attracted and repelled by chemicals: an
approach to neurobiology. Biol. Chem. Hoppe-Zeyler. 368, 163-173.
Alam, M., Lebert, M., Oesterhelt, D. and Hazelbauer, G. L. (1989) Methyl-accepting
taxis proteins in Halobacterium halobium. The EMBO Journal 8 (2), 631-639.
Alam, M. and Oesterhelt, D. (1984) Morphology, function and isolation of
halobacterial flagella. J. Mol. Biol. 176, 459-475.
Ames, P., Chen, J., Wolff, C. and Parkinson, J. S. (1988) Structure-function studies of
bacterial chemosensors. in Cold Spring Harbor Symposia on Quantitative
Biology Vol. LIII pp. 59-65.
Armitage, J. P. (1988) Tactic responses in photosynthetic bacteria. Can. J. Microbiol.
34, 475-481.
Armitage, J. P. and Evans, M. C. W. (1979) Membrane potential changes during
chemotaxis of Rhodopseudomonas sphaeroides. FEBS Letters 102(1), 143146.
Armitage, J. P. and Evans, M. C. W. (1980) Chemotactically induced increase in the
membrane potential of spheroplasts of Rhodopseudomonas sphaeroides.
FEBS Letters 112(1), 5-9.
Armitage, J. P., Ingham, C. and Evans, M. C. W. (19851 Role of proton motive force
in phototactic and aerotactic responses of Rhodopseudomonas sphaeroides. J.
Bacteriol. 161 (3), 967-972.
Armstrong, J. B. (1972) An S-adenosylmethionine requirement for chemotaxis in
Escherichia coli. Can. J. Microbiol. 18,1695-1701.
Aswad, D. and Koshland D. E. Jr. (1974) Role of methionine in bacterial chemotaxis.
J. Bacteriol. 118 (2), 640-645.
Aswad, D. W. and Koshland, D. E. Jr. (1975a) Evidence for an S-adenosylmethionine
requirement in the chemotactic behavior of Salmonella typhimurium. J. Mol.
Biol. 97, 207-223.
Aswad, D. and Koshland, D. E. Jr. (1975b) Isolation, characterization and
complementation of Salmonella typhimurium chemotaxis Mutants. J. Mol.
Biol. 97, 225-235.
Auer, J., Lechner, K. and Bock, A. (1989a) Gene organization and structure of two
transcriptional units from Methanococcus coding for ribosomal proteins and
elongation factors. Can. J. Microbiol. 35 (1), 200-204.

191

192
Auer, J., Spicker, G. and Bock, A. (1989b) Organization and structure of the
Methanococcus transcriptional unit homologous to the Escherichia coli
"spectinomycin operon": Implications for the evolutionary relationship of 70S
and SOS ribosomes. J. Mol. Biol. 209 (1), 21-36.
Baryshev, V. A., Glagolev, A. N. and Skulachev, V. P. (19811 Sensing of A/xH+ in
phototaxis of Halobacterium halobium. Nature 292 (5821), 338-40.
Baryshev, V. A., Glagolev, A. N. and Skulachev, V. P. (1983) The interrelation of
phototaxis, membrane potential and potassium / sodium gradient in
Halobacterium halobium. J. Gen. Microbiol. 129 (1), 367-373.
Berg, HI. C. (1988) A physicist looks at bacterial chemotaxis. in Cold Spring Harbor
Symposia on Quantitative Biology Vol LIII p.1-9.
Berg, H. C. and Brown, D. A. (1972) Chemotaxis in Escherichia coli analyzed by
three-dimensional traclbng. Nature 239: 500-504.
Bibikov, S. L, Baryshev, V. A. and Glagolev, A. N. (1982) The role of methylation in
the taxis of Halobacterium halobium to light and chemoeffectors. FEBS
Letters 146, 255-258.
Bibikov, S. I. and Skulachev, V. P. (1989) Mechanisms of phototaxis and aerotaxis in
Halobacterium halobium. FEBS Letters 243 (2), 303-306.
Black, R. A., Hobson, A. C. and Adler, J. (1980) Involvement of cyclic GMP in
intracellular signaling in the chemotactic response of escherichia coli. Proc.
Natl. Acad. Sci. 77 (7), 3879-3883.
Black, R. A., Hobson, A. C. and Adler, J. (1983) Adenylate cyclase is required for
chemotaxis to phosphotransferase system sugars by Escherichia coli. J.
Bacteriol. 153 (3), 1187-1195.
Bogomolni, R. A. (1984) Photochemical reactions of halorhodopsin and slow
rhodopsin. Prog. Clin. Biol. Res. 164,5-12.
Bogomolni, R. A. and Spudich J. L. (1982) Identification of a third rhodopsin-like
pigment in phototactic//a/e>6actercwm halobium. Proc. Natl. Acad. Sci. 79,
6250-6254.
Borczuk, A., Stock, A. and Stock, J. (1987) S-adenosylmethionine may not be
essential for signal transduction during bacterial chemotaxis. J. Bacteriol. 169
(7), 3295-3300.
Bourret, R. B., Hess, J. F., Borkovich, K. A., Pakula, A. A. and Simon, M. I. (1989).
Protein phosphorylation in chemotaxis and two-component regulatory
systems of bacteria. J. Biol. Chem. 264 (13), 7085-7088.

193
Boyd, A. and Simon, M. I. (1980) Multiple electrophoretic forms of methyl-accepting
chemotaxis proteins generated by stimulus-elicited methylation in Eschenchia
coli. J. Bacteriol. 143 (2), 809-815.
Burgess-Cassler, A., Ullah, A. H. J. and Ordal, G. W. (1982) Purification and
characterization of Bacillus subtilis methyl-accepting chemotaxis protein
methyltransferase II. J. Biol. Chem. 257 (14), 8412-8417.
Bucher, P. and Trifonov, E. N. (1986) Compilation and analysis of eukaryotic POL II
promoter sequences. Nuc. Acids Res. 14, 10009-10027.
Callahan, A. M. and Parkinson, J. S. (1985) Genetics of methyl-accepting chemotaxis
proteins in Escherichia coli: CneD mutations affect the structure and function
of the Tsr transducer. J. Bacteriol. 161 (1): 96-104.
Cavalier-Smith, T. (1989) Archaebacteria and Archezoa. Nature 339,100-101.
Chacko, D. M. (1985) Isolation and Characterization of a novel motility mutant in
Salmonella typhimurium. Doctoral Dissertation, Biochemistry Department,
Loma Linda University.
Cheah, K. S. (1970) The membrane-bound ascorbate oxidase system of
Halobacterium halobium. Biochimica et Biophysica Acta 205, 148-160.
Daniels, C. J, Gupta, R. and Doolittle, W. F. (1985) Transcription and excision of a
large intron in the tRNATrP gene of an archaebacterium, Halobacterium
volcanii. J. Biol. Chem. 260, 3132-3134.
Dang, C. V., Niwano, M., Ryu, J.-I. and Taylor, B. L. (1986) Inversion of aerotactic
response in Escherichia coli deficient in CheB protein methylesterase. J.
Bacteriol. 166 (1), 275-280.
Datta, P. K., Hawkins, L. K. and Gupta, R. (1989) Presence of an intron in elongator
methionine-tRNA of Halobacterium volcanii. Can. J. Microbiol. 35,189-194.
David, H. L., Clavel-Seres, S., Clement, F., Laszlo, A., Rastogi, N. (1989) Methionine
as methyl-group donor in the synthesis of Mycobacterium avium envelope
lipids, and its inhibition by DL-ethionine, D-norleucine and DL-norleucine.
Acta-Leprol.-Geneve 7 Suppl 1, 77-80.
DeFranco, A. L. and Koshland, D. E. Jr. (1980) Multiple methylation in processing
of sensory signals during bacterial chemotaxis. Proc. Natl. Acad. Sci. 77(5),
2429-2433.
Deguchi, T. and Barchas, J. (1971) Inhibition of transmethylations of biogenic amines
by S-adenosylhomocysteine. J. Biol. Chem. 246 (10), 3175-3181.
Ehrlich, B. E., Schen, C. R. and Spudich, J. L. (1984) Bacterial rhodopsins monitored
with flourescent dyes in vesicles and in vivo. J. Membrane Biol. 82, 89-94.

194

Eisenberg, H. (1988) Archaebacteria coming of age. TIBS 13 (11), 416-417.
Engstrom, P. and Hazelbauer, G. L. (1980) Multiple methylation of methyl-accepting
chemotaxis proteins during adaptation of E.coli to chemical stimuli. Cell 20,
165-171.
Falke, J. J. and Koshland, D. E. Jr. (1987) Global flexibility in a sensory receptor: a
site-directed cross-linking approach. Science 237,1596-1600.
Farber, E. (1963) Ethionine carcinogenesis. Advances in Cancer Research 7, 383474.
Fosnaugh, K. and Greenberg, E. P. (1989) Chemotaxis mutants of Spirochaeta
aurantia. J. Bacteriol. 171(1), 606-611.
Fujiwara, T., Fukumori, Y. and Yamanaka, T. (1987) a^-type cytochrome c oxidase
occurs in Halobacterium halobiwn and its activity is inhibited by higher
concentrations of salts. Plant Cell Physiol. 28 (1), 29-36.
Fujiwara, T., Fukumori, Y. and Yamanaka, T. (1989) Purification and properties of
Halobacterium halobium "cytochrome aa$ which lacks Cu^ and CU3. J.
Biochem. 105, 287-292.
Goldman, D. J., Worobec, S. W. Siegel, R. B., Hecker, R. V. and Ordal G. W. (1982)
Chemotaxis in Bacillus subtihs: effects of attractants on the level of
methylation of methyl-accepting chemotaxis proteins and the role of
demethylation in the adaptation process. Biochemistry 21, 915-920.
Goulboume, E. A. Jr. and Greenberg, E. P. (1981) Chemotaxis of Spirochaeta
aurantia: involvement of membrane potential in chemosensory signal
transduction. J. Bacteriol. 148(3), 837-844.
Goulbourne, E. A. Jr. and Greenberg, E. P. (1983) A voltage clamp inhibits
chemotaxis of spirochaeta aurantia. J. Bacteriol. 153(2), 916-920.
Gouy, M. and Li, W.-H. (1989) Phylogenetic analysis based on rRNA sequences
supports the archaebacterial rather than the eocyte tree. Nature 339, 145147.
Goy, M. F., Springer, M. S. and Adler, J. (1977) Sensory transduction in Escherichia
coli: role of a protein methylation reaction in sensory adaptation. Proc. Natl.
Acad. Sci. 74 (11), 4964-4968.
Goy, M. F., Springer, M. S. and Adler, J. (1978) Failure of sensory adaptation in
bacterial mutants that are defective in a protein methylation reaction. Cell
15,1231-1240.

195
Gradin, C. H. and Colmsjo, A. (1987) Oxidation-reduction potentials and absorption
spectra of two 6-type cytochromes from the halophilic archaebacterium
Halobacteriwn halobium. Arch. Bioc. Biophys. 256 (2), 515-522.
Gradin, C. H. and Colmso, A. (1989) Four different 6-type cytochromes in the
halophilic archaebacterium, Halobacteriwn halobium. Arch. Bioc. Biophys.
272 (1), 130-136.
Grey, V. L. and Fitt, P. S. (1976) An improved synthetic growth medium for
Halobacterium cutirubrum. Can. J. Microbiol. 122, 440-442.
Gupta, R. (1985) In 'The Bacteria" (C. R. Woese and R. S. Wolfe, eds), Academic
Press, London. Vol. 8, pp. 311-343.
Hader, D.-P. (1987) Photosensory behavior in procaryotes. Microbiological Reviews
51 (1): 1-21.
Harayama, S. and lino, T. (1977) Phototaxis and membrane potential in the
photosynthetic bacterium Rhodospirillum rubrum. J. Bacteriol. 131 (1), 34-41.
Hartsel, S. C, Kolodziej, B. J. and Cassim, J. Y. (1984) Identification and function of
cytochrome o in the brown membrane of Halobacterium halobium.
Biophysical Journal 45, 212a.
Hartsel, S. C, Kolodziej, B. J. and Cassim, J. Y. (1988) Spectral evidence for
cytochrome o in the brown membrane oiHalobacterium halobium. Archives
of Biochemistry and Biophysics. 264 (1), 74-81.
Hazelbauer, G. L. (1988) The bacterial chemosensory system. Can. J. Microbiol. 34,
466-474.
Hazelbauer, G. L., Park, C. and Nowlin, D. M. (1989) Adaptational "crosstalk" and
the crucial role of methylation in chemotactic migration by Escherichia coli.
Proc. Natl. Acad. Sci. 86,1448-1452.
Hedblom, M. L. and Adler, J. (1983) Chemotactic response of Escherichia coli to
chemically synthesized amino acids. J. Bacteriol. 155 (3), 1463-1466.
Huet, J., Schnabel, R., Sentenac, A. and Zillig, W. (1983) Archchaebacteria and
eukaryotes possess DNA-dependent RNA polymerases of a common type.
EMBO J. 2,1291-1294.
Ingham, C. J. and Armitage, J. P. (1987) Involvement of transport in Rhodobacter
sphaeroides chemotaxis. J. Bacteriol. 169(12) 5801-5807.
Kaine, B. P. (1987) Intron-containing tRNA genes of sulfolobus solfataricus. J. Mol.
Evol. 25, 248-254.

196
Kaine, B. P., Gupta, R. and Woese, C. R. (1983) Putative introns in tRNA genes of
prokaryotes. Proc. Natl. Acad. Sci. 80,3309-3312.
Kandler, O. (1988) Comparative chemistry of the rigid cell wall component and its
phylogenetic implications. In "Crystalline bacterial cell surface layers." (U. B.
Sleytr, P. Messner, D. Pum, and M. Sara, eds), Springer-Verlag, Berlin, pp.l6.
Kandler, O. and Konig, H. (1985) In "The Bacteria" (C. R. Woese and R. S. Wolfe,
eds), Academic Press, London. Vol. 8, pp. 413-452.
Kaplan, N. and Simon, M. I. (1988) Purification and characterization of the wild type
and mutant carboxy-terminal domains of the Escherichia coli Tar
chemoreceptor. J. Bacteriol. 170 (11), 5134-5140.
Kehry, M. R., Bond, M. W., Hunkapillar, M. W. and Dahlquist, F. W. (1983)
En2ymatic deamidation of methyl-accepting chemotaxis proteins in
Escherichia coli catalyzed by the CheB gene product. Proc. Natl. Acad. Sci.
80, 3599-3603.
Kehry, M. R., Doak, T. G. and Dahlquist, F. W. (1984) Stimulus-induced changes in
methylesterase activity during chemotaxis in Escherichia coli. J. Biol. Chem.
259(19), 11828-11835.
Kehry, M. R., Doak, T. G. and Dahlquist, F. W. (1985a) Aberrant regulation of
methylesterase activity in CheD chemotaxis mutants of Escherichia coli. J.
Bacteriol. 161 (1), 105-112.
Kehry, M. R., Doak, T. G. and Dahlquist, F. W. (1985b) Sensory adaptation in
bacterial chemotaxis: regulation of demethylation. J. Bacteriol. 163 (3), 983990.
Kessler, J. O. (1986) The external dynamics of swimming micro-organisms. Progress
in Phycological Research 4, 257-307.
Kihara, M. and Macnab, R. M. (1981) Cytoplasmic pH mediates pH taxis and weakacid repellent taxis of bacteria. J. Bacteriol. 145: 1209-1221.
Kjems, J. and Garrett, R. A. (1985) An intron in the 23S ribosomal RNA gene of the
archaebacterium Desulfurococcus mobilis. Nature 318, 675-677.
Kjems, J. and Garrett, R. A. (1988) Novel splicing mechanism for the ribosomal
RNA intron in the archaebacterium Desw/fwrococcws mobilis. Cell 54, 693-703.
Kleene, S. J., Hobson, A. C. and Adler, J. (1979) Attractants and repellents influence
methylation and demethylation of methyl-accepting chemotaxis proteins in an
extract of Escherichia coli. Proc. Natl. Acad. Sci. 76 (12), 6309-6313.

197
Kofoid, E. C. and Parkinson, J. S. (1988) Transmitter and receiver modules in
bacterial signaling proteins. Proc. Natl. Acad. Sci. 85, 4981-4985.
Kondoh, H., Bull, C. B. and Adler, J. (1979) Identification of a methyl-accepting
chemotaxis protein for the ribose and galactose chemoreceptors of
Escherichia coli. Proc. Natl. Acad. Sci. 76: 260-264.
Konig, H., Kandler, O. and Hammes, W. (1989) Biosynthesis of pseudomurein:
isolation of putative precursors from Methanobacterium thermoautotrophicum.
Can. J. Microbiol. 35,176-181.
Kort, E. N., Goy, M. F., Larsen, S. H. and Adler, J. (1975) Methylation of a
membrane protein involved in bacterial chemotaxis. Proc. Natl. Acad. Sci. 72
(10), 3939-3943.
Koshland, D. E. Jr. (1988) Chemotaxis as a model second-messenger system.
Biochemistry 27 (16), 5829-5834.
Koshland, D. E. Jr., Sanders, D. A. and Weiss, R. M. (1988) Roles of methylation and
phosphorylation in the bacterial sensing system. Cold Spring Harbor
Symposia on Quantitative Biology, Vol LIII, pp 11-17.
Laemmli, U. K. (1970) Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature 227, 680-685.
Langworthy, T. A. (1985) In 'The Bacteria" (C. R. Woese and R. S. Wolfe, eds),
Academic Press, London. Vol. 8, pp. 459-497.
Lanyi, J. K. and MacDonald, R. E., (1979) Light induced transport in Halohacterium
halobiwn. Methods in Enzymology 56, 398-407.
Larsen, H. (1984) Family V. Halobacteriaceae Gibbons 1974, 269^ in Bergey’s
manual of systematic bacteriology Vol 1, Krieg, N. R. and Holt, J. G. eds.
Williams and Wilkins, Baltimore.
Laszlo, D. J. (1981) Mechanism of aerotaxis in Salmonella typhimurium. Doctoral
Dissertation, Biochemistry Department, Loma Linda University.
Laszlo, D. J., Fandrich, B. L., Sivaram, A., Chance, B. and Taylor, B. L. (1984a)
Cytochrome o as a terminal oxidase and receptor for aerotaxis in Salmonella
typhimurium. J. Bacteriol. 159 (2), 663-667.
Laszlo, D. J., Niwano, M., Goral, W. W. and Taylor, B. L. (1984b) Bacillus cereus
electron transport and proton motive force during aerotaxis. J. Bacteriol. 159
(3), 820-824.
Laszlo, D. J. and Taylor, B. L. (1981) Aerotaxis in Salmonella typhimurium: role of
electron transport. J. Bacteriol. 145 (2), 990-1001.

198
Leffers, H., Gropp, F., Lottspeich, F., Zillig, W. and Garrett, R. A. (1989) Sequence,
organization, transcription and evolution of RNA polymerase subunit genes
from the archaebacterial extreme halophiles Halobacterium halobium and
Halococcus morrhuae. J. Mol. Biol. 206 (1), 1-17.
Lindley, E. V. and MacDonald, R. E. (1979) A second mechanism for sodium
extrusion in halobacterium halobium: a light-driven sodium pump. Biochem.
Biophys. Res. Commun. 88, 491-499.
Lupas, A. and Stock, J. (1989) Phosphorylation of an N-terminal regulatory domain
activates the CheB methylesterase in bacterial chemotaxis. J. Biol. Chem. 264
(29), 17337-17342.
Macnab, R. M. and Koshland, D. E. Jr. (1972) The gradient-sensing mechanism in
bacterial chemotaxis. Proc. Natl. Acad. Sci. 69, 2509-2512.
Macnab, R. M. and Ornston, M. K. (1977) Normal-to-curly flagellar transitions and
their role in bacterial tumbling. Stabilization of an alternative quaternary
structure by mechanical force. J. Mol. Biol. 112,1-30.
Maeda, K. and Imae, Y. (1979) Thermosensory transduction in Escherichia coli:
inhibition of the thermoresponse by L-serine. Proc. Natl. Acad. Sci. 76: 91-95.
Manor, D., Hasselbacher, C. A. and Spudich, J. L. (1988) Membrane potential
modulates photocycling rates of bacterial rhodopsins. Biochemistry 27, 58435848.
Manson, M. B., Blank, V., Brade, G. and Higgins, C. F. (1986) Peptide chemotaxis in
E.coli involves the Tap signal transducer and the dipeptide permease. Nature
321:253-256.
Menezo, Y., Khatchadourian, C., Gharib, A, Hamidi, J., Greenland, T. and Sarda, N.
(1989) Regulation of S-adenosylmethionine synthesis in the mouse embryo.
Life-Sci. 44 (21), 1601-1609.
Mitchell, P. (1961) Coupling of phosphorylation to electron transport and hydrogen
transfer by a chemi-osmotic type of mechanism. Nature 191,144-148.
Mutoh, N., Oosawa, K. and Simon, M. I., (1986) Characterization of Escherichia coli
chemotaxis receptor mutants with null phenotypes. J. Bacteriol. 167 (3), 992998.
Neugebauer, D. C, Zingshein, H. P. and Oesterhelt, D. (1983) Biogenesis of purple
membrane in halobacteria. Methods in Enzymology. 97, 218-226.
Niwano, M. and Taylor, B. L., (1982) Novel sensory adaptation mechanism in
bacterial chemotaxis to oxygen and phosphotransferase substrates. Proc.
Natl. Acad. Sci. 79,11-15.

199
Nowlin, D. M, Bollinger, J. and Hazelbauer, G. L. (1988) Site-directed mutations
altering methyl-accepting residues of a sensory transducer protein.
PROTEINS: Structure, Function, and Genetics. 3,102-112.
Oesterhelt, D. (1985) Light-driven proton pumping in halobacteria. Bioscience 35
(1), 18-21.
Oesterhelt, D. and Kri ppahl, G. (1973) Light inhibition of respiration in
Halobacterium nalobium. FEBS Letters 36 (1), 72-76.
Oesterhelt, D. and Stoeckenius, W. (1971) Rhodopsin-like protein from the purple
membrane of Halobacterium halobium. Nature New Biol. 233,149-152.
Oesterhelt, D. and Stoeckenius, W. (1973) Functions of a new photoreceptor
membrane. Proc. Natl. Acad. Sci. 70 (10), 2853-2857.
Oesterhelt, D. and Tittor, J. (1989) Two pumps, one principle: a light-driven ion
transport in Halobacteria. TIBS 14 (2), 57-61.
Ohba, M. and Oshima, T. (1983) Comparative studies on biochemical properties of
protein-synthesis of an archaebacteria, Thermoplasma sp. Origins of Life 12
(4), 391-394.
Ordal, G. W. and Gibson, K. J. (1977) Chemotaxis toward amino acids by Bacillus
subtilis. J. Bacteriol. 29 (1), 151-155.
Oshima, T., Ohba, M. and Wakagi, T. (1984) Some biochemical-properties of an
acido-thermophilic archaebacterium, Sulfolobus-acidocaldarius. Origins of
Life 14 (1-4), 665-669.
Parkinson, J. S. (1980) Novel mutations affecting a signalling component for
chemotaxis of Escherichia coli. J. Bacteriol. 142, 953-961.
Payne, S. M. and Ames, B. N. (1982) A procedure for rapid extraction and high
pressure liquid chromatographic separation of the nucleotides and other
small molecules from bacterial cells. Analytical Biochemistry 123,151-161.
Puhler, G., Leffers, H., Gropp, F., Palm, P., Klenk, H. P., Lottspeich, F., Garrett, R.
A. and Zillig, W. (1989a). Archaebacterial DNA-dependent RNA
polymerases testify to the evolution of the eukaryotic nuclear genome. Proc.
Natl. Acad. Sci. 86 (12), 4569-4573.
Puhler, G., Lottspeich, F. and Zillig, W. (1989b) Organization and nucleotide
sequence of the genes encoding the large subunits A, B and C of the DNAdependent RNA polymerase of the archaebacterium Sulfolobus
acidocaldarius. Nuc. Acids Res. 17 (12), 4517-4534.

200
Reiter, W.-D., Palm, P. and Zillig, W. (1988) Analysis of transcription in the
archaebacterium sulfolobus indicates that archaebacterial promoters are
homologous to eukaryotic pol II promoters. Nuc. Acids Res. 16 (1), 1-19.
Reizer, J., Saier, M. H. Jr., Deutscher, J., Grenier, F., Thompson, J. and
Hengstenberg, W. (1988) The phosphoenolpyruvate sugar
phosphotransferase system in gram-positive bacteria: properties, mechanism
and regulation. Grit. Rev. Microbiol. 15, 297-338.
Repaske, D. R. and Adler, J. (1981) Change in intracellular pH of Escherichia coli
mediates the chemotactic response to certain attractants and repellents. J.
Bacteriol. 145: 1196-1208.
Rollins, C. M. and Dahlquist, F. W. (1980) Methylation of chemotaxis-specific
proteins in Escherichia coli cells permeable to S-Adenosylmethionine.
Biochemistry 19, 4627-4632.
Rollins, C. and Dahlquist, F. W. (1981) The methyl-accepting chemotaxis proteins of
E.coli: a repellent-stimulated covalent modification, distinct from methylation.
Cell 25, 333-340.
Rowbury, R. J. (1983) Methionine biosynthesis and its regulation, p 191-211. in K. M.
Herrmann and R. L. Somerville (ed.) Amino acids: biosynthesis and genetic
regulation. Addison-Wesley Publishing Co., Reading, Mass.
Russo, A. F. and Koshland, D. E. Jr. (1983) Separation of signal transduction and
adaptation functions of aspartate receptor in bacterial sensing. Science 220,
1016-1020.
Russo, A. F. and Koshland, D. E. Jr. (1986) Identification of the tip encoded receptor
in bacterial sensing. J. Bacteriol. 165, 276-282.
Sanders, D. A. and Koshland, D. E. Jr. (1988) Receptor interactions through
phosphorylation and methylation pathways in bacterial chemotaxis. Proc.
Natl. Acad. Sci. 85, 8425-8429.
Schimz, A. (1981) Methylation of membrane proteins is involved in chemosensory
and photosensory behavior of Halobacterium halobium . FEBS Letters 125
(2), 205-207.
Schimz, A. (1982) Localization of the methylation system involved in sensory
behavior of Halobacterium halobium and its dependence on calcium. FEBS
Letters 139 (2), 283-286.
Schimz, A. and Hildebrand, E. (1979) Chemosensory responses of Halobacterium
halobium. J. Bacteriol. 140 (3), 749-753.

201
Schimz, A. and Hildebrand, E. (1987) Effects of cGMP, calcium and reversible
methylation on sensory signal processing in halobacteria. Biochimica et
Biophysica Acta 923, 222-232.
Schimz, A. and Hildebrand E. (1988) Photosensing and Processing of sensory signals
in Halobacterium halobium. Botanica Acta 101, 111-117.
Schobert, B. and Lanyi, J. K. (1982) Halorhodopsin is a light driven chloride pump.
J. Biol. Chem. 257,10306-10313.
Sherris, D. and Parkinson, J. S. (1981) Posttranslational processing of methylaccepting chemotaxis proteins in Escherichia coli. Proc. Natl. Acad. Sci. 78
(10), 6051-6055.
Shioi, J., Dang, C. V. and Taylor, B. L. (1987) Oxygen as attractant and repellent in
bacterial chemotaxis. J. Bacteriol. 169 (7), 3118-3123.
Shioi, J., Galloway, R. J., Niwano, M., Chinnock, R. E. and Taylor, B. L. (1982)
Requirement of ATP in bacterial chemotaxis. J. Biol. Chem. 257 (14), 79697975.
Shioi, J. and Taylor, B. L. (1984) Oxygen taxis and proton motive force in Salmonella
typhimurium. J. Biol. Chem. 259 (17), 10983-10988.
Shioi, J., Tribhuwan, R. C., Berg, S. T. and Taylor, B. L. (19881 Signal transduction in
chemotaxis to oxygen in Escherichia coli and Salmonella typhimurium. J.
Bacteriol. 170 (12), 5507-5511.
Silverman, M. and Simon, M. (1974) Flagellar rotation and the mechanism of
bacterial motility. Nature 249: 73-74.
Slonczewski, J. L., Macnab, R. M., Alger, J. R. and Castle, A. M. (1982) Effects of
pH and repellent tactic stimuli on protein methylation levels in Escherichia
coli. J. Bacteriol. 152: 384-399.
Springer, M. S., Goy, M. F. and Adler, J. (1977a) Sensory transduction in Escherichia
coli: a requirement for methionine in sensory adaptation. Proc. Natl. Acad.
Sci. 74 (1), 183-187.
Springer, M. S., Goy, M. F. and Adler, J. (1977b) Sensory transduction in Escherichia
coli: two complementery pathways of information processing that involve
methylation proteins. Proc. Natl. Acad. Sci. 74:3312-3316.
Springer, M. S., Kort, E. N., Larsen, S. H., Ordal, G. W., Reader, R. W. and Adler, J.
(1975) Role of methionine in bacterial chemotaxis: requirement for tumbling
and involvement in information processing. Proc. Natl. Acad. Sci. 72 (11),
4640-4644.

202
Springer, W. R. and Koshland, D. E. Jr. (1977) Identification of a protein
methyltransferase as the CheR gene product in the bacterial sensing system.
Proc. Natl. Acad. Sci. 74 (2), 553-537.
Springer, M. S. and Zanolari, B. (1984) Sensory transduction in Escherichia coli:
regulation of the demethylation rate by the CheA protein. Proc. Natl. Acad.
Sci. 81, 5061-5065
Spudich, E. N., Bogomolni, R. A. and Spudich, J. L. (1983) Genetic and biochemical
resolution of the chromophoric polypeptide of halorhodopsin. Biochem.
Biophys. Res. Commun. 112, 332-338.
Spudich, E. N., Hasselbacher, C. A. and Spudich, J. L. (1988) Methyl-accepting
protein associated with bacterial sensory rhodopsin I. J. Bacteriol. 170 (9)
4280-4285.
Spudich, E. N. and Spudich, J. L. (1982) Control of transmembrane ion fluxes to
select halorhodopsin-deficient and other energy-transduction mutants of
Halobacterium halobium. Proc. Natl. Acad. Sci. 79, 4308-4312.
Spudich, E. N., Takahashi, T. and Spudich, J. L. (1989) Sensory rhodopsins I and II
modulate a methylation/ demethylation system in Halobacterium halobium
phototaxis. Proc. Natl. Acad. Sci. 86, 7746-7750.
Spudich, J. L. (1984) Genetic demonstration of a sensory rhodopsin in bacteria.
Prog. Clin. Biol. Res. 164, 221-229.
Spudich, J. L. and Bogomolni, R. A. (1988) Sensory rhodopsins of halobacteria.
Ann. Rev. Biophys. Biophys. Chem. 17, 193-215.
Spudich, J. L. and Stoeckenius, W. (1979) Photosensory and chemosensoiy behavior
of Halobacterium
Photobiochemistry and Photobiophysics 1, 43-53.
Spudich, J. L. and Stoeckenius, W. (1980) Protein modification reactions in
Halobacterium halobium photosensing. Fed. Proc. Fed. Am. Soc. Exp. Biol.
39,1972.
Stock, J. B. and Koshland, D. E. Jr. (1978) A protein methylesterase involved in
bacterial sensing. Proc. Natl. Acad. Sci. 75 (8), 3659-3663.
Stock, J. B. and Koshland, D. E. Jr. (1981) Changing reactivity of receptor carboxyl
groups during bacterial sensing. J. Biol. Chem. 256 (21), 10826-10833.
Stock, J. B., Ninfa, A. J. and Stock, A. (1989) Protein phosphorylation and regulation
of adaptive responses in bacteria. Microbiological Reviews 53 (4), 450-490.
Stoeckenius, W. (1984) Introductory remarks: bacteriorhodopsin in information and
energy transduction in biological membranes. Prog. Clin. Biol. Res. 164, 3-4.

203
Stoeckenius and Bogomolni, R. A. (1982) Bacteriorhodopsin and related pigments of
halobacteria. Ann. Rev. Biochem. 52, 587-616.
Stoeckenius, W., Wolff, E. K. and Hess, B. (1988) A rapid popiulation method for
action spectra applied to Halobactenum halobium. J. B acteriol. 170 (6) 27902795.
Sumper, M. and Herrmann G. (1976) Biosynthesis of purple membrane: control of
retinal synthesis by bacterio-opsin. FEBS Letters 69,149-152.
Sundberg, S. A., Alam, M., Lebert, M., Spudich, J. L. Oesterhelt, D. and Hazelbauer,
G. (1990) Characterization of Halobacterium halobium mutants defective in
taxis. J. Bacteriol. 172 (5), 2328-2335.
Sundberg, S. A., Bogomolni, R. A. and Spudich, L. (1985) Selection and properties of
phototaxis-deficient mutants of Halobacterium halobium. J. Bacteriol. 164
(1), 282-287.
Svardal, A. M., Ueland, P. M., Aarsaether, N., Aarsland, A. and Berge, R. K. (1988)
Differential metabolic response of rat liver, kidney and spleen to ethionine
exposure, S-adenosylamino acids, homocysteine and reduced glutatione in
tissues. Carcinogenesis 9 (2), 227-232.
Taylor, B. L. (1983a) Role of proton motive force in sensory transduction in bacteria.
Ann. Rev. of Microbiol. 37, 551-573.
Taylor, B. L. (1983b) How do bacteria find the optimal concentration of oxygen?
TIBS 8 (12), 438-441.
Taylor, B. L. and Lengeler, J. W. (1990) Transductive coupling by methylated
transducing proteins and permeases of the phosphotransferase system in
bacterial chemotaxis. in Membrane transport and information storage. Alan
R. Liss, Inc. pp. 66-90.
Taylor, B. L., Miller, J. B., Warrick, H. M. and Koshland, D. E. (1979) Electron
acceptor taxis and the blue light effect on bacterial chemotaxis. J. Bacteriol.
140 (2), 567-573.
Thoelke, M. S., Bedale, W. A., Nettleton, D. O. and Ordal, G. W. (1987) Evidence
for an intermediate methyl-acceptor for chemotaxis in Bacillus subtilis. J. Biol.
Chem. 262 (2), 2811-2816.
Thoelke, M. S., Kirby, J. R. and Ordal, G. W. (1989) Novel methyl transfer during
chemotaxis in Bacillus subtilis. Biochemistry 28, 5585-5589.
Thoelke, M. S., Casper, J. M. and Ordal, G. W. (1990) Methyl transfer in chemotaxis
toward sugars by Bacillus subtilis. J. Bacteriol. 172 (2), 1148-1150.

UNIVERSITY LIBRARY
LOMA LINDA. CALIFORNIA
204
Thomm, M. and Wich, G. (1988) An archaebacterial promoter element for stable
RNA genes with homology to the TATA box of higher eukaryotes. Nuc. Acids
Res. 16(1), 151-163.
Toews, M. L., Goy, M. F., Springer, M. S. and Adler, J. (1979) Attractants and
repellents control demethylation of methylated chemotaxis proteins in
Escherichia coli. Proc. Natl. Acad. Sci. 76 (11), 5544-5548.
Tribhuwan, R. C., Johnson, M. S. and Taylor, B. L. (1986) Evidence against direct
involvement of cyclic GMP or cyclic AMP in bacterial chemotactic signaling.
J. Bacteriol. 168 (2), 624-630.
Tsang, N., Macnab, R. and Koshland, D. E. Jr. (1973) Common mechanism for
repellents and attractants in bacterial chemotaxis. Science 181, 60-63.
Ullah, A. H. J. and Ordal, G. W. (1981) In vivo and in vitro chemotaxis methylation in
Bacillus subtilis. J. Bacteriol. 145, 958-965.
Wald, G. (1967) Molecular basis of visual excitation. Science 162, 230-239.
Weber, K. and Osborn, M. (1969) The reliability of molecular weight determinations
by dodecyl sulfate-polyacrylamide gel electrophoresis. J. Biol. Chem. 244
(16), 4406-4412.
Wich, G., Leinfelder, W. and Bock, A. (1987) Genes for stable RNA in the extreme
thermophile Thermoproteus tenax: introns and transcription signals. EMBO J.
6 (2), 523-528.
Woese, C. R. (1981) Archaebacteria. Sci. Am. 244, 98-122.
Wolff, E. K., Bogomolni, R. A., Scherrer, P., Hess, B. and Stoeckenius, W. (1986)
Color discrimination in halobacteria: spectroscopic characterization of a
second sensory receptor covering the blue-green region of the spectrum.
Proc. Natl. Acad. Sci. 83 (19), 7272-6.
Yonekawa, H., Hayashi, H. and Parkinson, J. S. (1983) Requirement of the CheB
function for sensory adaptation in Escherichia coli. J. Bacteriol. 156 (3), 12281235.
Zillig, W., Klenk, H. P., Palm, P., Puhler, G., Gropp, F., Garrett, R. A. and Leffers,
H. (1989) The phylogenetic relations of DNA-dependent RNA polymerases
of archaebacteria, eukaryotes, and eubacteria. Can. J. Microbiol. 35 (1), 7380.
Zillig, W., Palm, P., Reiter, W.-F., Gropp, F., Puhler, G. and Klenk, H.-P. (1988)
Comparative evaluation of gene expression in archaebacteria. Eur. J.
Biochem. 173, 473-482.

